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PREFACE 

V 

,  Earth  history  is  a  subject  of  fascinating  interest  and  also  of  much 
practical  value.  The  various  features  of  the  earth,  the  continents  and 
oceans,  the  mountains  and  plains,  and  the  multitudinous  assemblage  of 
organisms  in  the  waters,  on  land,  and  in  the  air  have  not  always  been  as 
they  are  today.  The  orderly  succession  of  rock  strata  and  their  innumer- 
able contained  relics  of  strange  animals  and  plants  were  not  made  to 
mystify  man,  nor  were  the  ores  of  metals,  deposits  of  petroleum,  and  other 
useful  earth  materials  hidden  away  merely  to  test  man's  ingenuity  in 
finding  them.  Rather,  all  of  these  things  are  the  product  of  events  and 
conditions  in  the  past  history  of  our  planet.  To  know  something  of  the 
probable  conditions  of  earth  origin,  the  almost  inconceivable  antiquity 
of  the  earth,  the  evolution  of  the  continents,  the  elevation  and  oblitera- 
tion of  great  mountain  chains,  and  the  remarkable  record  of  life  on  the 
earth  in  past  ages  is  to  grow  in  understanding  and  appreciation  of  the 
modern  world.  And  to  acquire  such  appreciation  is  in  itself  a  worthy 
end  of  study. 

The  student  of  historical  geology,  moreover,  finds  in  this  subject 
special  opportunity  for  training  in  clear  thinking,  in  the  scientific  con- 
sideration of  numerous  complex  problems,  and  in  reasoning  from  evi- 
dences or  effects  to  the  causes  that  produced  them.  An  account  of  earth 
history  that  narrated  accurately  the  "changing  conditions  and  events  of 
past  geologic  time,  but  largely  omits  the  basic  observations  on  which 
the  narrative  depends,  may  hold  elements  of  interest.  The  instructional 
value  of  such  an  account,  however,  is  surely  very  far  short  of  one  in  which 
many  observational  data  are  given  and  in  which  emphasis  is  laid  on  the 
deductive  interpretation  of  these  data.  From  the  standpoint  of  scientific 
training,  the  means  of  arriving  at  conclusions  concerning  earth  history 
are  much  more  important  than  the  conclusions  themselves.  With  this 
in  mind,  the  writer  has  undertaken  in  the  following  pages  first  to  describe 
selected  items  of  observation  in  connection  with  the  geologic  record  and 
then  to  consider  the  interpretation  of  these  items  in  terms  of  history. 
Uncertainties  and  unsolved  problems  are  so  indicated.  Maps  represent- 
ing the  distribution  of  sea  and  land  at  various  times  in  the  geologic  past 
(paleogeographic  maps)  are  largely  omitted  because  such  maps  are 
for  the  most  part  highly  subjective,  the  data  used  in  constructing  them 
are  generally  not  evident,  and  the  sometimes  very  small  areas  of  reason- 
able control  are  not  differentiated  from  the  uncontrolled  areas.  Maps 
showing  actual  distribution  of  the  systems  and  of  the  rocks  of  respective 
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eras  are  useful,  however.  These  are  used  here  and  are  accompanied  by 
numerous  graphic  representations  of  typical  geologic  sections  that  show 
the  nature  and  thickness  of  rock  formations. 

Historical  geology  is  a  subject  of  some  difficulty.  This  is  due 
partly  to  its  encyclopedic  scope  in  space  and  time  and  the  breadth  of  its 
contacts  with  the  related  fields  of  astronomy,  physical  geology,  physiog- 
raphy, biology,  and  others,  and  partly  to  its  profusion  of  unfamiliar  names 
that  designate  divisions  of  geologic  time,  rock  formations,  and  fossils. 
These  difficulties,  more  apparent  than  really  formidable,  cannot  wholly 
be  avoided,  and  it  is  easy  to  understand  that,  if  misplaced  emphasis  is 
laid  on  the  learning  and  cataloguing  of  a  jumble  of  names,  historical 
geology  becomes  indeed  dry  and  uninteresting.  It  may  be  urged  again, 
therefore,  that  the  focus  of  attention  should  be  placed  on  the  nature  of 
the  evidences  concerning  past  earth  history  and  the  interpretation  of  these 
evidences  rather  than  on  the  necessary  new  names  that  are  employed. 

Experience  of  more  than  twenty  years  in  teaching  historical  geology 
has  convinced  the  writer  that  the  customary  organization  of  most  text- 
books on  this  subject  is  ill  suited  to  the  student 's  needs.  Chapters  on 
each  of  the  geologic  periods  are  accompanied  by  a  more  or  less  detailed 
description  of  the  various  forms  of  life  belonging  to  the  period.  This 
description  is  commonly  arranged  according  to  the  numerous  biologic 
divisions,  and  in  some  cases  according  to  various  faunal  and  floral 
assemblages  also.  Repetition  of  this  treatment  in  a  dozen  or  more 
successive  chapters  almost  inevitably  leads  to  confusion  and  mental 
indigestion,  the  extent  of  which  depends  on  the  attitude  and  the  scholar- 
ship of  the  student.  The  present  book  treats  the  evolution  of  life  on  the 
fearth  in  a  very  few  chapters  which  deal  with  entire  eras  or  suberas.  This 
permits  somewhat  fuller  description  of  certain  biologic  features  that  are 
necessary  to  proper  understanding  of  the  life  record,  and  the  account 
is  very  much  less  disjointed  than  would  be  the  case  in  separate  discussions 
by  periods.  The  larger  divisions  selected  lend  themselves  very  well  to 
delineation  of  the  broadly  significant  features  in  the  history  of  life.  The 
study  of  this  development  of  plants  and  animals  in  past  time  is  quite  as 
important  a  part  of  historical  geology,  it  may  be  mentioned,  as  the  mak- 
ing of  rock  formations  or  the  evolution  of  the  continents. 

Another  feature  of  this  book  is  the  introduction  of  chapters  that 
describe  briefly  characters  of  the  outcrop  areas  of  the  rocks  of  the  various 
eras.  A  geographic  setting  is  thus  provided  for  the  succeeding  more 
detailed  consideration  of  the  systems. 

A  chapter  on  the  Historical  Significance  of  Rock  Characters  develops 
the  viewpoint  of  the  earth  historian,  utilizing  a  remarkably  wide  range  of 
geologic  data  that  are  brought  together  in  a  single  region,  the  Grand 
Canyon  district.  This  study,  based  on  a  specific  area,  is  better  than  the 
elaboration  of  principles  in  abstract  form. 
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Special  consideration  has  been  given  to  the  preparation  of  illus- 
trations, because  clear  understanding  of  many  features  in  geologic  history 
requires  visual  aid.  Photographs  and  drawings,  properly  explained,  tell 
a  graphic  story  in  themselves,  and,  although  this  story  is  in  some  respects 
more  easily  apprehended  than  the  written  account,  it  is  to  be  studied 
quite  as  much  as  the  material  presented  in  the  text.  The  use  of  numerous 
block  diagrams,  especially  in  depicting  successive  stages  in  the  develop- 
ment of  earth  features,  is  noteworthy.  The  illustrations  of  various 
groups  of  fossils  give  a  conception  of  the  relative  size  of  the  types  shown 
by  using  the  same  scale  for  all  figures  of  the  assembled  group.  The  writer 
believes  that  this  treatment  is  greatly  superior  to  the  common  practice 
of  bringing  together  figures  of  very  diverse  magnification  or  reduction 
so  that  all  have  roughly  the  same  size  in  the  illustration.  Even  though 
the  scale  of  individual  magnifications  or  reductions  is  indicated  in  the 
legend,  this  is  difficult  to  visualize,  and  misconceptions  in  the  mind  of 
the  student  are  fostered.  The  designation  of  the  individual  figures  on 
the  plate  itself,  rather  than  in  a  cumbersome  legend,  is  an  aid  to  the 
student,  for  an  appreciable  effort  is  required  to  make  proper  connection 
between  index  numbers  or  letters  for  figures  on  a  plate  and  the  explana- 
tions in  the  legend.  This  difficulty  is  especially  evident  if  many  figures 
are  assembled  on  a  single  plate. 

Finally,  it  is  desirable  to  mention  the  unusually  extensive  aid  that 
has  been  given  the  writer  by  colleagues  throughout  the  country.  This 
aid,  in  the  form  of  counsel  and  criticism,  has  been  invaluable  in  the 
elimination  of  inaccuracies  and  the  contribution  of  knowledge  of  many 
workers  in  special  fields. 

RAYMOND  C.  MOORE. 
LAWRENCE,  KANSAS, 
April,  1933. 
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HISTORICAL  GEOLOGY 

INTRODUCTION 

CHAPTER  I 

THE  MATERIALS  OF  EARTH  HISTORY 

Comparison  of  Earth  History  and  Human  History. — The  writing  of 
human  history  is  based  on  the  study  of  many  kinds  of  records  consisting 
chiefly  of  things  printed  or  written  by  man.  The  libraries  and  other 
repositories  of  written  matter  are  the  main  working  place  of  the  historian 
who  describes  the  nature  and  effects  of  changing  organizations  of  society, 
culture,  commerce,  warfare,  and  religion.  In  proportion  as  the  sources 
of  information  are  complete  and  accurate,  and  the  labors  of  the  historian 
are  guided  by  thoroughness,  keen  perception,  and  good  judgment,  the 
account  which  he  gives  will  be  a  true  and  authoritative  record. 

But  the  sources  of  man's  history  are  not  limited  to  documentary 
records.  The  graceful  symmetry  of  a  Parthenon  or  the  beautifully 
modeled  marble  of  a  Venus  de  Milo  speaks  convincingly  of  ancient 
Hellenic  art.  The  monuments  and  carvings  in  the  Nile  Valley  tell  of 
civilization  many  centuries  older  than  that  of  the  Greeks.  Very  much 
older  still  are  the  bone-carved  representations  of  prehistoric  creatures, 
primitive  bronze  and  stone  implements,  and  the  associated  remains  of 
human  beings  buried  in  caves  and  river  deposits.  These  are  fragmentary 
but  no  less  definite  historical  materials  than  the  others.  They  yield 
information  of  a  time  that  at  least  in  part  antedates  the  last  great  Ice 
Age  when  glaciers  covered  much  of  the  northern  continents. 

The  materials  of  earth  history  are  comparable  to  the  unwritten  class 
of  evidences  in  human  history  just  considered.  No  scribe  was  present  to 
write  down  accounts  of  the  birth  of  mountain  ranges,  of  the  advance  of 
seas  over  the  lands,  or  of  the  strange  creatures  that  once  peopled  the 
earth.  Records  of  changing  conditions  and  events  are  found  rather 
in  the  actual  remains  or  effects  that  have. been  preserved  in  the  rocks. 
These  materials  of  earth  history  are  inexhaustibly  rich;  they  occur  almost 
everywhere.  Depending  only  on  their  completeness  and  our  ability  to 
interpret  them  accurately,  these  records  are  no  less  explicit  in  their 
testimony  concerning  the  earth's  past  than  are  the  trappings  in  the  tomb 
of  an  ancient  Pharaoh  concerning  the  past  civilization  of  Egypt. 
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Scope  of  Earth  History.— The  beginning  of  the  history  of  the  earth 
reaches  back  to  the  birth  of  the  earth  planet — perhaps  even  beyond,  to  a 
consideration  of  the  conditions  that  led  up  to  this  birth.  Here  there  is 
common  ground  with  astronomy,  but  the  inception  and  early  evolution  of 
our  planet  are  essential  subjects  of  inquiry  in  geologic  science.  Properly, 
there  is  no  "pregeologic  history "  of  the  earth,  as  indicated  by  some 
writers;  this  early  part  of  earth  development  may,  however,  be  designated 
as  cosmic  geology. 

In  the  other  direction,  earth  history  extends  to  the  present  time. 
Here  it  merges  with  physiography  in  setting  forth  the  conditions  that 

have  led  to  making  of  the  earth's  surface 
features.  It  is  also  closely  connected  with 
the  fields  of  sedimentation,  which  is  concerned 
with  the  conditions  of  formation  of  all  kinds 
of  sedimentary  deposits;  of  vulcanism,  which 
relates  to  activity  of  igneous  rocks;  of  dynamic 
geology,  which  deals  with  the  operation  and 
effects  of  various  earth  forces;  and  of  botany 
and  zoology,  which  comprise  the  study  of 
life  on  the  earth.  Recent  geologic  history 
overlaps  human  history,  and  the  subjects  of 
anthropology  and  archeology  are  correspond- 
ingly of  interest  to  the  student  of  the  earth's 
past. 

Investigation  of  earth  history  leads  to 
recognition  of  certain  trends  in  the  evolution 
of  continents  and  ocean  basins  and  in  the 
development  of  life.  While  these  afford  basis  for  tentative  conclusions 
as  to  the  future,  this  is  not  in  the  province  of  our  subject. 

Sources  of  Earth  History. — Construction  of  a  true  and  complete 
account  of  the  beginning,  growth,  and  later  evolution  of  the  earth  planet 
depends,  as  has  been  indicated,  on  the  discovery  and  correct  interpreta- 
tion of  actual  evidences  of  these  on  or  within  the  earth.  We  may  say 
at  the  outset  that  our  story  will  be  inaccurate  if  the  evidences  that  we 
gather  are  misconstrued.  Furthermore,  it  is  clear  that  any  account 
must  be  incomplete  because  much  desirable  evidence  is  either  lacking  or  so 
obscured  that  probably  there  will  always  be  important  gaps  in  our  knowl- 
edge. On  the  other  hand,  the  very  abundance  of  data  bearing  on  parts 
of  the  record  makes  an  exhaustive  consideration  impossible  in  a  book  of 
ordinary  size;  indeed,  completeness  of  this  sort  would  be  both  tiresome 
and  unnecessary  to  a  satisfactory  comprehension  of  significant  points. 

The  evidences  to  be  examined  and  interpreted  in  terms  of  -history 
include  (1)  sedimentary  deposits  of  many  sorts  and  widely  varying 
thicknesses,  (2)  remains  of  plant  and  animal  life  of  former  seas  and  lands 


FIG.  1.  —  An  eminent 
"earth  historian, "  Edward 
Suess  (1831-1914)  of  Vienna, 
Austria,  author  of  the  classic 
"The  Face  of  the  Earth." 
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preserved  in  these  sedimentary  deposits,  (3)  igneous  rock  masses,  extru- 
sive and  intrusive,  (4)  areas  of  metamorphosed  rocks,  (5)  faults  and  folds 
that  have  deformed  the  rocks  of  the  earth  crust,  and  (6)  marks  of  erosion 
by  various  agencies,  chiefly  running  water  and  the  waves  of  the  sea.  In 
the  study  of  these  evidences  there  is  constant  need  of  thorough  knowledge 
of  the  principles  of  physical  geology,  for  since  the  laws  governing  nature's 
forces  may  reasonably  be  considered  to  remain  always  the  same,  an 
understanding  of  the  present  holds,  in  large  measure,  the  key  to  the  past. 
We  know  much  about  the  work  of  the  wind,  of  running  water,  of  glaciers, 
and  of  the  sea.  There  is,  however,  much  to  learn  of  the  conditions 
governing  the  formation  of  various  types  of  sedimentary  deposits,  of  the 


FIG.  2. — Thickly  crowded  fossil  shells  embedded  in  a  silty  sandstone,  representing  a  bit  of 
sea  bottom  in  the  Miocene  epoch  of  Tertiary  time.     (W.  T.  Lee,  U.  S.  Geol.  Survey.) 

operation  of  forces  that  make  mountains  and  warp  continents,  of  the 
constitution  of  the  earth's  interior,  and  of  other  things  that  bear  on  earth 
history.  Acquaintance  with  the  structure,  the  mode  of  life,  and  the 
characteristic  environment  of  present-day  plants  and  animals  of  many 
kinds  will  contribute  much  to  a  proper  understanding  of  the  myriad 
fossil  remains  preserved  in  the  rocks.  This  is  primarily  the  province  of 
paleontology,  the  science  of  the  life  of  the  geologic  past. 

The  sedimentary  deposits  and  their  contained  organisms  form  the 
most  important  part  of  the  record  of  earth  history.  The  detailed  study 
of  these  deposits,  involving  determination  of  their  natural  units,  geo- 
graphic distribution,  age,  and  interrelations,  constitutes  the  division  of 
geology  known  as  stratigraphy.  Extensive  stratigraphic  investigations 
furnish  an  essential  part  of  the  foundations  of  historical  geology. 


CHAPTER  II 

THE  BEGINNING  OF  THE  EARTH 

Man  is  an  incurably  curious  creature  who  for  generations  has  sought 
with  more  or  less  intelligence  to  understand  the  mysteries  of  the  world 
into  which  he  is  born.  What  is  the  true  nature  of  this  earth  on  which  he 
lives,  and  of  the  heavenly  bodies  that  apparently  move  about  the  earth? 
How  were  they  formed?  What  forces  have  affected  and  now  control 
them?  The  answers  of  ancient  and  primitive  men  are  found  in  imagina- 
tive, often  highly  fantastic  myths  and  legends,  the  products  of  supersti- 
tion or  religious  awe.  Modern  science  seeks  to  determine  all  possible 
facts  concerning  the  earth  and  the  universe,  to  classify  and  coordinate 
acquired  knowledge,  to  ascertain  relations  between  causes  and  effects, 
and  to  discover  how  observed  conditions  have  had  their  origin.  This 
broad  field  of  inquiry  is  called  cosmogony,  the  science  of  the  universe. 

NATURE  OF  THE  EVIDENCE  CONCERNING  THE  ORIGIN  OF  THE  EARTH 

Scientific  inquiry  relating  to  the  origin  of  the  earth  differs  to  some 
extent  from  ordinary  methods  of  research.  An  experiment  in  the  labora- 
tory may  be  studied  closely  during  its  progress  and  it  may  be  repeated 
several  times  if  desired.  In  the  field  of  geology,  nature  assists  us  in  under- 
standing the  relations  between  certain  causes  and  their  effects  by  con- 
tinuous or  frequently  repeated  demonstrations,  as  in  the  erosion  and 
deposition  of  rock  material  by  running  water,  or  the  construction  of 
volcanic  cones.  The  making  of  the  earth,  however,  happened  but  once, 
and  that  so  long  ago  that  we  might  expect  to  find  little  definite  evidence 
of  causes  or  the  manner  of  their  production.  Accordingly,  consideration 
of  this  problem  and  of  dependent  matters  is  necessarily  speculative  to  a 
degree.  Yet  there  are  some  evidences  and  limiting  conditions.  These 
consist  essentially  in  (1)  the  physical  constitution  of  the  earth,  (2)  its 
dynamic  properties,  and  (3)  its  relations  to  other  bodies  in  space.  All 
of  these  have  been  inherited  from  the  remote  past. 

The  Earth's  Form  and  Constitution. — The  earth  is  a  spheroid,  slightly 
flattened  at  the  poles  and  bulging  at  the  equator,  with  an  Average  specific 
gravity  of  about  5.5  and  a  total  mass  which  is  only  1/332,000  that  of  the 
sunT  "SfhceliKe  outer  part  of  the  earth  has  a  mean  density  of  only  2.7, 
TKatTbf  the  interior  must  be  considerably  greater  than  5.5.  A  very  dense, 
possibly  metalli^core__is_evidenced  by. JiKe  manner  in  which  earthquake 
waveiT  are  "transmitted  through  the  earth.__The  interior  of  the  earth 

rigid  than^  steel,  as  jndicatedjby  transmission 
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of  earthquake  jnbrations^  certain  tidal  phenomena,  and  astronomic 
determinations. 

The  earth  is  composed  of  92  chemical  elements,  most  of  which  occur 
in  tlieTonrfof  innumeraBIe'cornplex  combinations.  A  targe  number  of 
thesiTelements  and  some  of  the  compounds  are  known  in  the  sun.  In 
view  of  evidence  from  physics  concerning  the  evolution  of  matter,  it  is 
probable  that  the  materials  composing  the  earth  are  the  same  as  those  in 
the  sun. 

Dynamic  Properties  of  the  Earth.  —  The  earth  revolves  about  the 
sun  in  a  nearly  circular  orbit  and  rotates  rapidly  in  a  forward  direction 
on  an  axis  inclined  at  an  angle  olj66.^degrees  to 


__ 

These  properties  of  motion  are  essentially  dynamic  inheritances  from  birth 
and  are  accordingly  significant  evidences  as  to  earth  origin.  It  is  not 
necessarily  true,  however,  that  inclination  of  the  earth's  axis  was  an 
initial  feature. 

The  heat  of  the  earth  —  a  form  of  the  energy  in  it  —  increases  downward 
from  the  surface  as  shown  by  observation,  but  at  what  rate  and  to  what 
maximum  in  the  deeper  parts  of  the  interior  is  unknown.  A  part  of 
this  heat  may  be  an  inheritance  from  birth,  and  part  is  undoubtedly 
due  to  pressure  and  physicochemical  changes,  a  probably  important  part 
of  which  is  radioactive  disintegration  of  matter. 

Relations  of  the  Earth  to  Other  Bodies  in  the  Solar  System.—  The 
earth  is  one  of  a  family  of  bodies  (eighl^or^possibly  ninej^lanets^  jibout 
thirteen  hundred  known  planetoids^  and  probably  smaller  masses^  that 
revolve  aboutTthe  sun  in  the  same  direction  and  in^nearly  a  common 
plane  (ecliptic).  The  sun  rotates  in  this  same  direction  and  its  equator 
is  only  slightly  inclined  (7  degrees)  to  the  common  plane  of  the  system. 
The  orbits  of  the  other  planets  (excepting  Mercury)  are  nearly  circular, 
like  that  of  the  earth,  but  most  of  the  planetoids  have  distinctly  elliptical 
eccentric  orbits,  some  of  which  are  considerably  inclined  to  the  common 
plane  of  the  system. 

The  jfgjirjnner  .  planets^  (Mercury,  Venus,  Earth,  Mars^  are  smaller 
and  denser  than  the  outer  planets  (Jupitel^Ba^rn^  yranus^^Ieptune), 
possibly  excepting  the  newly  discovered,  very  distant  planet  (or  plane- 
toid1) called  Phitjo  wlnch_appears  to  have  about  the  same  size  as  the  earth. 

Most  of  the  planets  are  accompanied  by  on^or  more  moons,  which 
(excepting  the  outer  satellites  of  Jupiter,  Saturn,  and  possibly  one  or  two 
others)  revolve  in  nearly  circular  orbits  in  the  direction  of  the  planets' 

1  It  is  probable  that  Pluto  should  be  classed  as  a  planetoid  rather  than  a  planet. 
Its  orbit  is  decidedly  eccentric  like  those  of  the  planetoids  and  its  position  in  relation 
to  the  four  outer  planets  corresponds  to  that  of  the  recognized  planetoids  to  the  four 
inner  planets.  Indeed,  the  discovery  of  such  bodies  as  Pluto  was  anticipated  by 
T.  C.  Chamberliii  ("The  Two  Solar  Families,"  1928;  also  Chamberlin  and  Salisbury, 
"  College  Geology/'  p.  394,  1930). 
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rotation,  and  nearly  in  the  plane  of  their  equators.  The  earth's  moon  is 
exceptional  in  magnitude  as  compared  to  its  planet  and  in  that  its  orbital 
plane  is  distinctly  inclined  to  the  earth's  equator  (lying  nearly  in  the 
plane  of  the  ecliptic). 

It  is  not  remotely  possible  that  these  various  relations  in  the  solar 
system  are  due  to  chance,  and  we  may  confidently  assume  that  the  mode 
of  origin  of  the  earth  is  linked  intimately  with  the  formation  of  the  whole 
planetary  system.  All  of  the  bodies  in  the  system  (possibly  excepting 
some  comets  and  meteorites)  must  have  originated  as  the  result  of  a 
common  cause  or  by  some  orderly  process  that  affects  the  whole. 

Relations  of  the  Solar  System  to  the  Stellar  System. — The  sun  that 
rules  our  solar  system  is  one  of  several  thousand  million  similar  bodies, 
some  larger,  hotter,  and  brighter  than  others,  that  compose  the  stellar 
system,  or  galaxy.  According  to  astronomers,  this  system  has  roughly 
the  shape  of  a  flattish  disk,  like  a  watch,  but  its  size  is  so  enormous  that 
light  traveling  186,285  miles  per  second  requires  approximately  200,000 
years  to  cross  it  in  the  longer  diameter  and  30,000  years  in  the  shorter.1 
The  star  that  we  call  sun  is  deep  in  the  interior  of  this  galaxy,  and  the 
apparently  dense  clouds  of  stars  that  form  the  Milky  Way  mark  the  long 
way  of  the  stellar  system  as  seen  from  the  sun  or  earth.  All  of  the  stars 
are  moving  in  relation  to  one  another  with  an  average  speed  of  about 
70,000  miles  per  hour,  notwithstanding  the  fact  that  remoteness  makes 
their  position  appear  fixed.2 

HYPOTHESES  OF  PLANETARY  ORIGIN 

Any  acceptable  explanation  of  the  beginning  of  the  earth  and  of  the 
other  planetary  bodies  must  account  satisfactorily  for  the  known  facts 
about  the  system,  or  at  any  rate  i;t  must  outline  a  rational  chain  of  causes 
and  effects  that  is  not  discordant  with  these  facts.  A  tentative  state- 
ment of  such  causes  and  effects,  formulated  as  a  guide  to  scientific 
investigation,  is  designated  as  a  hypothesis.  If  such  a  hypothesis, 
when  rigorously  subjected  to  testing  by  observations,  stands  firmly, 
it  may  be  ranked  as  a  .theory,  and  eventually  it  may  become  accepted 
as  a  scientific  law.  Because  of  the  complexity  and  uncertainty  of  many 
of  the  factors  involved  in  study  of  earth  origfn,  all  statements  concern- 
ing this  subject  should  properly  be  designated  as  hypotheses. 

Two  Classes  of  Planetary  Hypothes^— The  hypotheses  of  planetary 
origin  that  have  been  proposed  may  be  grouped  in  two  classes:  (1)  those 
in  which  the  beginning  of  the  planetary  system  is  assumed  to  take  place 
as  part  of  the  evolution  of  a  single  ancestral  star  or  nebula,  without 

1  Recent  studies  at  the  Mount  Wilson  Observatory  indicate  a  probable  considerable 
reduction  of  these  figures  for  dimensions  of  the  stellar  galaxy. 

2  The  angular  motions  of  the  stars  among  each  other  range  from  less  than  0.001 
second  to  about  10  seconds  per  year. 
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intervention  of  any  outside  agency  —  monoparcntal  ;  and  (2)  those  in 
which  the  system  is  initiated  by  the  interaction  of  two  stars  passing 
relatively  near  one  another  in  the  course  of  their  motion  through  space  — 
biparental.  The  monoparental  type  of  hypothesis,  which  is  much  the 
older,  has  long  dominated  scientific  thought  as  applied  to  various  prob- 
lems of  earth  evolution,  but  it  encounters  serious  difficulties  and  objec- 
tions. The  biparental  type,  introduced  only  a  little  over  a  quarter 
century  ago,  by  Chamberlin's  planetesimal  hypothesis,  seems  to  offer  a 
rational  account  of  the  possible  or  probable  conditions  of  planetary  origin. 

Laplacian  Hypothesis 


Several  students  of  cosmogony  have  put  forward  hypotheses  or  have 
contributed  to  the  development  of  the  idea  that  the  planetary  system 
was  evolved  from  a  nebulous  mass,  a  star,  or  possibly  a  ^varm  of  meteor- 
ites by  self-propagating  causes  or  agencies.  The  names  of  the  French- 
men de  Buffon  and  Laplace,  of  the  German  Kant,  and  of  the  Englishmen 
Herschel  and  Lockyer  are  most  outstanding  of  those  whose  work,  in  part 
independent  one  of  the  other,  has  contributed  to  formulation  of  what 
has  come  to  be  known  as  the  nebular  hypothesis.  Because  more  than 
one  type  of  diffusely  scattered  nebulous  mass  may  conceivably  have 
constituted  an  initial  stage  in  the  making  of  our  system,  it  is  not  really 
appropriate  to  use  this  name;  and  since  one  of  the  most  explicit  state- 
ments of  this  type  of  hypothesis  is  that  of  Laplace,  the  term  Laplacian 
hypothesis  is  often  used  and  is  preferable. 

The  outstanding  character  of  the  planetary  system  is  the  common 
direction  of  movement  of  the  various  planetary  bodies  in  orbits  that  are 
known  to  be  nearly  circular  and  that  lie  in  essentially  the  same  plane. 
Evidently,  thought  Laplace,  these  bodies,  including  the  sun,  must  be 
residual  parts  of  a  single  mass  in  space  that  initially  had,  or  in  some  way 
acquired,  the  property  of  motion.  Imagine  the  matter  now  concentrated 
in  the  sun,  planetary  bodies,  and  satellites  expanded  into  the  form  of  a 
great  spheroidal  nebula  (possibly  like  one  of  the  very  diffuse  giant  stars). 
If  this  mass  had  even  a  slow  rotational  movement,  the  speed  of  rotation 
would  inevitably  increase  as  the  diameter  of  the  spheroid  decreased 
through  gravitational  contraction,  'for  the  moment  of  momentum1  of  the 
nebula  must  remain  constant.  As  the  speed  of  rotational  movement 
increased,  the  equatorial  region  of  the  spheroid  must  have  bulged  and 
eventually  the  centrifugal  force  might  exceed  the  inward  pull  of  gravity. 
A  portion  of  the  nebula  could  therefore  escape  outward,  and  as  contrac- 
tion continued  it  would  be  left  behind,  moving  rapidly  in  a  circular  orbit 

1  Moment  of  momentum  of  a  body  may  be  defined  as  the  product  of  its  mass, 
the  component  of  its  velocity  perpendicular  to  the  line  joining  it  to  the  center  about 
which  it  revolves,  and  the  length  of  this  line.  Recent  studies  in  physics  indicate  that 
radiation  of  light  and  heat  represent  loss  of  mass  and  energy;  therefore,  the  mass- 
energy  total  of  a  stellar  body  may  slowly  but  steadily  diminish. 
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about  the  remaining  mass  of  the  nebula  in  the  same  direction  an  its 
tion.  Laplace  supposed  that  the  material  thrown  off  at  the  equator  of 
the  nebula  would  form  distinct  rings  or  bands.  If  each  of  the  successive 
rings  should  collapse  or  consolidate  gradually,  they  would  form  planets 
moving  around  the  shrunken  parent  nebula  in  the  same  direction  as  its 
rotation  and  in  a  common  plane.  Repetition  of  this  process  through 
condensation  of  the  planetary  masses  would  give  rise  to  the  satellites. 
The  sun  represents  the  residual  portion  of  the  enormously  compacted 
initial  nebula.  In  a  general  way  this  seems  almost  exactly  to  fit  the 
conditions  observed  in  the  planetary  system,  and  the  principle  of  the 
speeding-up  of  rotation  with  reduction  in  volume  is  sound. 

There  are  numerous  difficulties,  however,  and  advance  of  knowledge 
concerning  the  planetary  system  since  Laplace's  day  has  brought  to  light 
various  discrepancies  that  cannot  be  accommodated  to  the  hypothesis 
that  has  been  sketched.  A  few  of  these  are  as  follows:  (1)  Material 
thrown  off  at  the  equator  of  the  nebula  would  be  left  behind  continuously 
and  not  in  the  form  of  rings.  (2)  The  rings,  even  if  formed,  could  not 
break  down  to  form  planetary  bodies ;  and  if  they  did  thus  condense  into 
planets,  these  bodies  would  necessarily  have  a  backward  rather  than  a 
forward  rotation,  for  the  inner  parts  of  the  rings  would  be  moving  more 
rapidly  than  the  outer.  (3)  The  sun  should  be  rotating  on  its  axis  at  a 
rate  enormously  greater  than  it  does,  and  the  plane  of  its  equator  should 
coincide  with  the  common  plane  of  the  orbits  of  the  planets  instead  of 
being  inclined  about  7  degrees.1  (4)  Since  the  sun  comprises  all  but 
about  i<763  of  the  original  nebula,  practically  all  of  the  moment  of 
momentum  of  the  system  should  be  found  in  the  sun,  whereas  actually 
this  belongs  preponderantly  to  Jupiter  and  the  outer  planets.  (5)  The 
moons  of  Mars  revolve  at  a  more  rapid  rate  than  the  rotation  of  the 
planet;  some  of  the  satellites,  including  the  earth's  moon,  revolve  in  orbits 
that  do  not  coincide  with  the  plane  of  the  planet's  equator;  and  the 
outer  moons  of  Jupiter  and  Saturn  revolve  in  a  retrograde  direction. 
(6)  The  geologic  implications  that  the  earth  has  progressively  cooled  from 
a  primitive  molten  state  are  opposed  by  absence  of  a  recognizable  igneous 
crust,  by  very  early  occurrence  of  glacial  climates,  and  by  other  con- 
siderations. Some  of  these  objections  can  be  partially  answered  but  the 
various  difficulties  necessitate  abandonment  or  very  drastic  modification 
of  the  Laplacian  hypothesis. 


The  Planetesimal  Hypothesis 

The  failure  of  the  Laplacian  hypothesis,  and  of  similar  attempts  to 
derive  our  present  planetary  system  from  unassisted  evolutionary  proc- 
esses taking  place  in  some  ancestral  star  or  nebula,  has  led  in  recent 

t 

1  It  may  be  noted  that  the  plane  of  Mercury 's  orbit  is  almost  exactly  coincident 
with  the  inclination  of  the  sun's  equator. 
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years  to  an  entirely  different  basic  conception,  for  the  development  of 
which  credit  is  due  an  American  geologist,  the  late  Thomas  C.  Cham- 
berlin,  and  his  astronomer  colleague  F.  R.  Moulton,  both  of  the  Uni- 
versity of  Chicago.  Their  planetesimal  hypothesis  postulates  the 
inception  of  the  planetary  system  in  the  effect  of  one  star's  passing  some- 
what near  another  star  —  our  sun.  Since  two  stellar  bodies  are  con- 
cerned in  the  birth  of  the  system,  Chamberlin  called  this  hypothesis 
biparental. 

Disruption  of  the  Sun  by  a  Passing  Star.—  The  intensely  heated 
condition  of  matter  IrFThcTsun  signifies  that  it  possesses  a  tremendous 
kinetic  energy,  which,  except  for  the  counterbalancing  effect  of  enormous 


FIG;.  3. — Eruptions  of  sun  matter.     These  "solar  prominences"  extend  to  about  80,000 
miles  from  the  sun's  surface.      (Mount  Wilson  Observatory.) 

gravitative  pull,  would  result  in  complete  disruption  and  escape  of  the 
sun  matter.  Even  so,  observation  shows  4hat  from  time  to  time  there  are 
apparently  explosive  eruptions  on  the  sun's  surface  that  project  materials 
outward  at  great  velocities  for  hundreds  of  thousands  of  miles.  If  the 
speed  of  the  outwardly  projected  matter  were  sufficiently  great,  it  would 
escape  permanently  from  the  sun  into  space,  but  otherwise  it  must  fall 
back  again. 

Now  in  the  event  of  some  outside  disturbing  force,  such  as  the  gravita- 
tive pull  of  another  star  passing  sufficiently  near  the  sun  to  counteract  in 
part  the  sun's  own  inward  gravity,  it  is  easily  conceivable  that  the 
explosive  energies  in  the  sun  would  release  on  opposite  sides  of  itself,  in 
the  direction  of  pull  between  sun  and  star,  masses  of  sun  matter  that 
would  escape  outward.  This  lowering  of  the  force  of  gravity  on  opposite 
sides  is  exactly  the  same  as  is  witnessed  in  the  tides  raised  by  the  moon 
on  opposite  sides  of  the  earth.  Because  of  the  changing  direction  of 
gravitative  attraction  of  the  star  at  different  points  in  its  course  past  the 
,sun,  matter  ejected  from  the  sun  would  be  pulled  more  or  less  strongly 
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out  of  the  line  of  its  initial  motion  and,  on  reaching  the  limit  of  its  out- 
ward course,  would  return  toward  a  point  perhaps  considerably  to  one 
side  of  the  sun's  disk.  Passing  onward,  it  would  become  established  in 
an  elliptical  orbit  about  the  sun.  As  a  result  of  the  disruptive  influence 
of  the  star  and  the  deflection  of  materials  ejected  from  the  sun,  a  swarm 
of  sun-derived  bodies  may  thus  have  been  thrown  into  orbits  of  different 
size  and  shape  but  all  moving  in  a  common  direction  and  in  approximately 
the  same  plane.  These  bodies  may  appropriately  be  called  planetesimals 
— diminutive  planets.  The  latest  statement  of  this  hypothesis1  suggests 
somewhat  specific  conditions  and  steps  in  the  solar  disruption  which 
account  for  differences  between  the  groups  of  outer  and  inner  planets, 
for  the  planetoids,  and  for  other  features  of  the  system. 

Growth  of  the  Planetary_UiLdfiL— The  present  planetary  system  is 
con<^Ived"T6~Kave"been  developed  through  gradual  accretion  of  small 
planetesimals  by  collision  with  larger  initial  masses  or  nuclei.  Under 
the  conditions  postulated,  it  is  inevitable  that  there  should  have  been 
frequent  collisions  and  that  the  small  planetesimals  should  eventually 
have  been  gathered  into  larger  planetary  bodies. 

Analysis  of  the  results  of  the  successive  impacts  of  colliding  bodies 
shows  a  progressive  tendency  toward  circularity  of  orbits  and  a  domi- 
nance of  forward  rotation,2  features  that  are  observed  in  our  planetary 
system.  It  is  possible  that  a  part  of  the  rotational  momentum  was 
imparted  to  the  original  nuclei  by  the  turbulent  eruption  from  the  sun. 
Organization  of  the  system  according  to  the  Chamberlin  hypothesis 
follows  well-established  principles  of  celestial  mechanics. 

Satellites. — The  satellites  of  the  larger  planets  are  solar  systems  in 
miniature.  They  may  represent  portions  of  the  original  sun  ejections 
that  came  within  the  gravitative  sphere  of  control  of  planetary  nuclei 
and  were  thrown  into  orbits  about  these  nuclei.  The  outer  moons  of 
Jupiter  and  Saturn  that  revolve  in  a  backward  or  retrograde  direction 
may  be  interpreted  as  planetesimal  aggregates  that  chanced  to  pass  these 
planets  under  conditions  resulting  in  capture. 

The  earth's  moon  is  unique  in  the  large  proportion  (one  eighty-first) 
of  its  mass  to  that  of  its  associated  planet.  In  fact,  the  earth-moon  may 
not  improperly  be  considered  as  a  very  unequally  divided  double  planet. 
Under  certain  conditions,  involving  in  part  a  former  very  rapid  rotation 
(about  four  hours),  it  is  theoretically  possible  that  the  moon  may  have 
been  split  off  from  the  earth,  the  present  moderate  speed  of  the  earth's 
rotation  and  considerable  distance  of  the  moon  from  the  earth  being  due 
to  effects  of  tidal  friction.  This  hypothetical  fission  of  the  earth  seems 

1  See  CHAMBERLIN,  T.  C.,  "The  Two  Solar  Families,"  University  of  Chicago  Press, 
1928;  CHAMBERLIN  and  SALISBURY,  " College  Geology,"  rev.  ed.  by  R.  T.  Chamberlin 
and  Paul  MaoClintock,  Henry  Holt  &  Company,  1930, 

2  See  CHAMBERLIN  and  SALISBURY,  loc.  cit. 
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doubtful.  It  is  also  possible  that  the  earth  and  moon  represent  initially 
adjacent  nuclei  of  unequal  masses  in  the  sun  eruptions  that  inaugurated 
the  system.  There  is  question  whether  the  remarkable  craters  observed 
on  the  moon's  face  are  products  of  an  ancient  explosive  volcanic  stage 
in  its  history  or  mark  the  impacts  of  planetesimal  bodies  of  moderately 
large  size.  The  craters  are  nearly  circular,  the  circumference  being 
formed  by  a  ring  of  mountains  that  rise  in  some  cases  20,000  feet  above 
the  surrounding  country,  and  the  maximum  diameter  is  more  than  100 
miles.  The  largest  terrestrial  craters,  which  are  of  volcanic  origin,  do  not 


Fiu.    J. — A  nickel-iron  meteorite  from  Texas  weighing  1,630  pounds.     (Peabody  Museum, 

Yale  University.) 

exceed  6  or  7  miles  in  diameter.  Meteor  Crater  in  central  Arizona, 
possibly  formed  by  explosive  impact  of  a  large  meteorite,  is  about  half  a 
mile  in  diameter  and  600  feet  deep.  Since  the  gravity  of  the  moon  is  too 
small  to  hold  an  atmosphere,  surface  features  that  would  be  destroyed 
quickly  on  the  earth  are  preserved  there  indefinitely. 

Meteorites. — The  earth  still  encounters  and  gathers  to  itself  solid 
and  probably  gaseous  material  that  is  moving  through  space.  The  daily 
infall  of  meteorites  is  several  millions.  Many  of  these  meteorites  are 
known  to  be  related  to  comets^some  may  come  from  space  outside  the 
planetary  system,  but  a  large  number  may  actually  be  plane tesimals 
moving  in  independent  orbits  about  the  sun.  Two  main  types  are  found  ^ 
(1)  stony  jmeteorites^  consisting  of  masses  of  crystalline  rock,  and  (2) 
jnetajlic^  irQ^jmeteorites^jpommonly  alloyed  wjttL  nickel  andL  cobalt. 
Some  are  mixtures  of  stone  and  iron. 

Spiral  Nebulae. — First  statements  of  the  planetesimal  hypothesis 
called  attention  to  the  spiral  nebulae  as  probably  representing  the  condi- 
tion that  existed  at  an  early  stage  in  the  development  of  the  solar  system, 
after  partial  disruption  of  the  sun  ami  bei'mo  any  considerable  concentra- 
tion of  the  finely  dispersed  matter.  The  spiral  nebular,  which  are  much 
the  most  abundant  type  of  nebula  in  the  heavens,  appear  to  fit  the 
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requirements  since  they  exhibit  a  dominant  central  sunlike  mass,  sur- 
rounded in  a  plane  by  spiral  arms  of  diffuse  material  with  some  denser 
"knotb"  or  nuclei.  It  is  certain,  however,  that  the  smallest  of  the 
observed  nebulae  are  many  millions  of  times  larger  in  diameter  than  our 
planetary  system,  and  evidence  points  to  the  conclusion  that  these 
spirals  may  actually  be  " universes"  entirely  outside  our  stellar  galaxy. 
The  hypothetical  planetesimal  nebula  would  be  quite  invisible  at  the 
distance  of  the  nearest  star  from  our  sun. 


FIG.  5. — A  spiral  nebula  showing  clearly  the  central  sunlike  mass  and  spirally  outtiung 
arms  with  "knots."  A  form  similar  to  this  at  one  stage  is  postulated  by  the  planetesimal 
hypothesis  in  the  evolution  of  our  solar  system.  (Lick  Observatory.) 

Further,  an  initial  spiral  arrangement  of  matter  shot  out  by  the  sun 
bolts  should  almost  immediately  have  disappeared,  since,  under  the  condi- 
tions postulated,  the  planetesimals  were  prevented  from  falling  back  into 
the  sun  only  by  their  individual  orbital  motions  that  varied  enormously 
in  size  and  relative  speed.  While  the  conditions  and  dynamic  evolution 
postulated  by  the  planetesimal  hypothesis  appear  to  be  entirely  valid 
and  are  in  reality  quite  independent  of  whatever  the  spirals  may  prove 
to  be,  we  may  conclude  that  the  spiral  nebulae  are  not  planetary  systems 
in  the  making. 

Modifications  of  the  planetesimal  hypothesis  have  been  advanced  in 
recent  years  by  Barrell,  Jeans,  and  Jeffreys.  Barrell  considers  the 
possibility  of  fairly  rapid  infall  of  planetesimals  of  such  average  large  size 
that  heat  of  impacts  led  to  a  molten-earth  stage,  even  though  the  earth 
nucleus  may  have  solidified  originally.  Chamberlin  had  previously 
considered  and  rejected  this  hypothesis.  Supporting  evidence  cited  by 
Barrell  is  found  in  (a)  characters  of  the  planetoids  which  he  thought 
might  represent  little-changed  parts  of  the  early  planetesimal  system  but 
which  have  :in  average  diameter  measured  in  miles,  (b)  the  limited  depth 
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of  density  variations  in  the  earth  rrust,  and  (c)  the  amount  of  salt  in  the 
sea  which  seems  to  be  much  too  small  if  oceans  have  existed  since  the 
earth  was  half  grown. 

A  so-called  tidal  hypothesis  developed  by  the  British  astronomer 
Jeans,  and  a  modified  statement  of  it  by  his  countryman  Jeffreys,  are 
derivatives  of  the  planetesimal  hypothesis  that  differ  from  it  chiefly  in 
neglecting  the  sun's  own  propulsive  energies,  in  assigning  the  partial 
solar  disruption  to  tidal  forces  alone,  and  in  postulating  the  almost 
immediate  aggregation  of  the  substance  of  the  planets  in  the  form  of  hot 
gaseous  spheroids.  There  are  several  valid  and  important  objections  to 
these  ideas,  as  pointed  out  by  Chamberlin1  and,  since  these  have  not 
been  removed  up  to  the  present  time,  the  Jeans-Jeffreys  hypothesis  is 
unacceptable. 

Objection  to  the  planetesimal  and  related  hypotheses  has  been  raised 
by  some  astronomers  who  point  out  that  distances  between  stars  are  so 
great  that  the  chance  of  one  star's  passing  sufficiently  close  .to  another  to 
have  an  appreciable  disturbing  effect  on  it  is  exceedingly  remote.  In 
fact,  the  possibility  that  another  star  may  come  sufficiently  near  our 
present  solar  system  to  wreck  it  and  perhaps  initiate  a  new  system  is 
about  once  in  one  quadrillion  years.  This  may  be  deemed  fortunate, 
however,  and  yet  there  can  be  ten  thousand  among  the  thousand  million 
stars  of  the  stellar  system  that  have  suffered  such  approaches  to  one 
another  as  would  produce  a  planetary  system. 

SUMMARY 

Evidence  concerning  the  origin  of  the  earth  rests  primarily  in  its 
inheritances  of  (1)  chemical  and  physical  constitution,  (2)  dynamic 
properties,  comprising  its  motions  of  revolution  and  rotation,  and  (3) 
relation  to  other  bodies  in  the  solar  system  and  the  stellar  galaxy.  Many 
considerations  lead  to  the  conclusion  that  the  conditions  and  events  that 
produced  the  earth  are  responsible  equally  for  making  the  other  planets 
and  the  satellites. 

Two  types  of  hypotheses  to  account  for  the  birth  of  the  solar  system 
may  be  recognized:  one  in  which \j\ L single. star  or ^nebula  is  concerned,  and 
the  other  which  requires  interaction^ _two  stellar  bodies.  The  Laplacian 
hypothesis,  which  test  represents  the  first  type,  assumes  an  evolution  of 
successive  ringgTtha^  condense  to  form  planetary _masse_8jandji  secondary 
development  of  ring^from  these  to  make  the  satellites.  Difficulties  from 
both  astronomic^  and  geologic  quarters  require  abandonment  of  this 
hypothesis. 

The  planetesimal  hypothesis  postulates  the  beginning  of  the  earth 
and  other  bodies  of  the  solar  system  in  the^disturbing  effects  of  a  passing 

1  Jour.  GeoL,  vol.  32,  pp.  696-716,  1924. 
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star  upon  our  sun,  causing  the  sun  to  eject  a  small  part  of  its  mass  and 
giving  to  the  ejected  materials  an  orbital  motion  about  the  sun.  Develop- 
ment of  the  earth  is  assigned  to  condensation  of  a  part  of  the  sun-derived 
matter  to  form  a  core,  and  slow  increase  of  size  by  accretion  of  other, 
probably  small,  masses  of  similar  matter  (planetesimals)  through  colli- 
sions in  the  course  of  orbital  motion.  The  earth  may  thus  have  been  a 
solid  body  ever  since  the  condensation  of  the  core.  Circularity  of  the 
present  earth  orbit  and  the  direction  of  rotation  may  be  explained  as 
effects,  in  part,  of  plane tesimal  accretion.  Various  anomalies  of  the  solar 
system  are  satisfactorily  accounted  for  by  this  hypothesis.  The  passing 
of  another  star  near  our  sun  is  entirely'possible,  given  sufficient  time,  but 
it  is  an  extremely  rare  possibility. 


CHAPTER  III 

DEVELOPMENT  OF  THE  PRIMITIVE  EARTH 

As  the  nature  of  the  newborn  earth  is  hypothetical,  so  also  are  the 
critical  stages  of  infancy  and  adolescence  when,  so  to  speak,  habits  were 
being  formed  that  express  themselves  in  features  of  the  matured  earth's 
face.  Evidence  concerning  this  early  portion  of  the  earth's  history  is 
obscure;  and  although  such  important  features  as  the  distribution  of 
density  in  the  earth,  the  nature  of  the  early  atmosphere  and  hydrosphere, 
the  origin  of  the  continents  and  ocean  basins,  and  the  governing  causes 
of  vulcanism  and  mountain-building  belong  especially  to  these  formative 
stages,  conclusions  are  largely  speculative.  Nevertheless,  it  is  desirable 
that  we  give  some  consideration  to  these  problems  connected  with  the 
development  of  the  primitive  earth. 

^fThe  Interior  of  the  Earth. — The  nature  of  the  earth's  interior  has  an 
important  bearing' on  hypotheses  to  be  considered  in  study  of  the  develop- 
ment of  the  primitive  earth. 

Considered  as  a  whole  and  tested  by  reaction  to  stresses  of  short 
duration  (such  as  tides),  the  earth  behaves  as  a  rigidly  solid,  highly 
elastic  body.  Pressure  and  temperature  increase  downward  from  the 
surface,  pressure  at  a  rate  directly  proportional  to  depth  (except  within  a 
possible  central  fluid  portion  where  uniform  hydrostatic  pressure  should 
prevail),  temperature  at  an  unknown  and  not  necessarily  regular  rate. 

The  outermost  portion  of  the  earth  comprising  a  shell  50  to  60  kilo- 
meters (30  to  37  miles)  thick  may  be  termed  the  crust.  Laboratory 
experiments  show  that  microscopic  or  submicroscopic  cavities  may  exist- 
in  some  rocks  under  compression  equivalent  to  these  depths  but  not 
lower.  The  crust  is  therefore  the  zone  of  fracture,  in  the  broadest  sense. 
Beneath  the  crust,  where  pore  space  in  rocks  cannot  exist,  are  depths 
belonging  to  the  zone  of  flow.  The  average  density  of  the  crust  is  some- 
what greater  than  that  of  granite.  The  velocity  of  earthquake  waves  is 
observed  to  increase  downward  in  the  crust,  but  at  the  bottom  of  the 
crust  there  is  a  so-called  "surface  of  discontinuity"  which  is  marked  by  a 
comparatively  sudden  speeding  up  of  longitudinal  waves  from  5.9  to  8.0 
kilometers  per  second.  According  to  measurements  of  the  elasticity  and 
compressibility  of  rocks,  this  indicates  that  the  crustal  portion  of  the 
earth  down  to  about  60  kilometers  (37  miles)  consists  of  granitic  to 
moderately  basic  rocks  (like  gabbro),  in  which  submicroscopic  and 
larger  cavities  may  exist,  and  below  this  the  rocks  are  strongly 
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Earth  crust 


basic  (like  dunite)  and  entirely  lacking  in  even  submicroscopic  pore 
spaces. 

Beneath  the  crust  the  velocity  of  earthquake  waves  increases  rather 
rapidly  and  regularly  to  a  depth  of  about  1,200  kilometers  (750  miles), 
then  somewhat  more  slowly  to  a  depth  of  1,700  kilometers  (1,060  miles), 
and  still  more  slowly  until  the  rate  becomes  nearly  constant  to  a  depth  of 
about  2,900  kilometers  (1,810  miles).  The  remainder  of  the  earth  interior, 

comprising  the  central  core  with  a  radius 
of  3,450  kilometers  (2,145  miles),  does  not 
appear  to  transmit  transverse  earthquake 
waves.  Velocity  of  wave  transmission  in- 
creases with  increase  of  elasticity  and 
decreases  with  increase  of  density.  Both 
elasticity  and  density  should  increase  with 
pressure.  Interpreting  these  observations, 
we  may  conclude  that  (1)  the  outer  sub- 
crustal  zones,  from  a  depth  of  about 
60  to  1,700  kilometers,  consist  predominantly 
of  ultrabasic  silicate  rocks,  increasing  velocity 
of  earthquake  waves  being  due  to  increased 
elasticity  under  compression  downward;  (2) 
the  inner  zone,  from  about  1,700  to  2,900 
kilometers,  is  of  similar  but  perhaps  more 
basic  composition,  retarded  increase  of 
earthquake  velocities  being  due  to  effect  of 
very  high  temperature;  and  (3)  the  central 
FIG.  e.-Diagrammatic  sec-  core  consists  of  very  dense,  highly  heated 

turn  of  a  segment  of  the  earth  .       .      ,        .  ">«^v* 

interior  showing  depth  of  zones  matter   that   is   inelastic  and  nonsolid,  or, 

wavef^  by  StUdy  °f  earthquake  according  to  an  alternative  view,  the  core 

consists    of    solid    metallic    iron    probably 

alloyed  with  nickel  as  in  many  meteorites.  It  is  possible,  also,  that 
the  1,700  to  2,900  kilometers  zone  surrounding  the  core  is  made  up  of  a 
mixture  of  metallic  iron  and  basic  silicates,  the  proportion  of  the  latter 
increasing  outward;  this  interpretation  accords  about  equally  well  with 
seismologic  data. 

GROWTH  STAGES  OF  THE  PRIMITIVE  EARTH 

Whatever  the  beginning  of  the  earth  may  have  been,  it  is  reasonable 
to  conclude  that  either  (1)  the  earth  was  once  a  molten  sphere  of  approxi- 
mately its  present  size,  or,  on  the  other  hand,  (2)  it  was  originally  much 
smaller  than  now  and  its  main  development  took  place  as  a  solid  body. 
The  physical  and  dynamic  implications  of  these  contrasting  possibilities 
and  their  bearing  on  later  earth  history  are  most  important.  What  were 
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molten?     What  factors  have  influenced  its  development  if  it  grew  to 
maturity  as  a  solid  body?     We  shall  take  up  these  questions  in  turn. 

The  Molten-earth  Hypothesis 

The  Molten  Stage. — If  the  earth  was  once  a  molten  globe,  its  materials 
must  have  been  free  to  arrange  themselves  according  to  density,  much 
as  the  relatively  light  molten  slag  of  a  blast  furnace  floats  on  the  heavy 
molten  iron.  Accordingly,  the  surface  parts  of  the  globe  should  contain 
the  lighter  constituents  and  the  interior  the  heavier  ones.  The  degree 
of  fluidity,  possible  effects  of  liquid  irnmiscibility,  and  the  strength  of  con- 
vection currents  should  control  the  perfection  of  gravity  differentiation. 

Substances  that  are  gases  at  the  temperatures  existent  in  a  molten 
earth  must  have  formed  a  hot  gaseous  envelope  surrounding  the  liquid 
sphere,  and  to  an  unknown  extent  they  should  have  been  dissolved  in 
the  liquid  material  of  the  molten  globe.  Igneous  magma  is  a  hot  liquid 
solution  of  mineral  substances  in  other  mineral  substances,  and  consider- 
able quantities  of  water  vapor,  chlorine,  and  other  gases  are  common 
constituents  of  the  solution.  We  may  conclude,  therefore,  that  either 
in  the  atmosphere  of  the  molten  earth  or  dissolved  in  the  liquid  beneath 
it  were  all  of  the  waters  of  the  globe,  the  carbon  dioxide  now  found  in 
carbonate  rocks  and  coal  deposits,  the  oxygen  that  has  been  added  to 
rocks  by  oxidation,  and  the  materials  of  the  present  atmosphere. 

Formation  of  the  Solid  Earth. — Outward  escape  of  heat  may  be 
considered  to  have  brought  about  a  sufficient  lowering  of  temperature  to 
cause  crystallization  of  heavy  basic  silicates  and  perhaps  contemporaneous 
solidification  of  a  crust.  Sinking  of  the  basic  silicates  because  of  high 
specific  gravity  should  result  in  concentration  of  heavy  materials  in  deep 
zones  of  the  earth  interior,  leaving  ultimately  a  light  magma  of  granitic 
nature  in  the  surficial  zone.  Parts  of  the  thin  crust  broken  by  tidal 
and  other  stresses  should  likewise  sink  because  of  the  greater  density  of 
solid  rock.  Remelting  of  crystals  and  fragments  of  the  crust  may  have 
occurred  again  and  again,  but  eventually  the  earth  became  solid.  The 
interior  was  built  up  of  heavy  constituents  of  the  original  molten  globe 
and  the  crust  was  granitic.  The  granitic  rocks  should  have  been  dis- 
tributed uniformly  over  the  originally  smooth  and  featureless  surface 
of  the  globe  but  contraction  due  to  continued  cooling  is  supposed  to  have 
caused  a  wrinkling  of  the  crust  as  it  shrank  to  fit  the  reduced  interior. 

The  Atmosphere  and  Hydrosphere. — When  the  temperature  of  the 
crust  fell  below  the  boiling  point  of  water,  hot  rain  from  the  water-satu- 
rated atmosphere  could  begin  to  collect  on  the  earth's  surface,  thus  form- 
ing an  initial  hydrosphere.  Continued  cooling  is  assumed  to  have 
permitted  nearly  complete  precipitation  of  atmospheric  water  vapor, 
forming  a  fresh-water  ocean  that  covered  all  parts  of  the  lithosphere. 
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Prior  to  the  condensation  of  water  vapor  to  form  the  hydrosphere 
and  even  after  this,  it  may  be  supposed  that  the  primitive  atmosphere 
was  very  much  heavier  and  denser  than  now.  The  chief  reasons  for  this 
supposition  are  that  in  subsequent  geologic  time  an  enormous  quantity 
of  gaseous  material,  such  as  carbon  dioxide,  oxygen,  and  water,  has  been 
added  to  the  rock  substance  of  the  lithosphere  through  the  agencies  of 
carbonation,  oxidation,  hydration,  and  action  of  living  organisms. 
Whether  the  earth  could  hold  an  atmosphere  many  times  greater  than  the 
present  is  questioned,  because  gravity — or  in  other  words  the  mass  of  a 
planet — determines  whether  or  not  the  rapidly  moving  atmospheric 
molecules  may  escape  or  will  be  retained.  Furthermore,  under  the  heated 
conditions  of  a  molten  globe,  the  velocity  of  molecular  movement  in  the 
atmosphere  would  be  greatly  increased,  and  the  chances  of  escape  of 
molecules  from  the  earth's  control  correspondingly  enlarged.  Since 
water  vapor  is  one  of  the  very  light,  active  gases,  most  of  this  constituent 
of  the  hypothetical  hot  primitive  atmosphere  should  have  escaped  into 
space. 

If  a  very  large  part  of  the  present  atmosphere,  hydrosphere,  carbon 
dioxide  of  rocks,  and  so  on,  has  been  derived  directly  or  indirectly  by 
expulsion  of  gases  from  the  liquid  material  of  the  molten  earth,  we  must 
conclude  that  the  gases  were  liberated  as  the  liquid  congealed,  immedi- 
ately finding  way  to  the  earth's  surface  or  being  imprisoned  for  a  time 
by  surrounding  rock  substance.  Vulcanism  contributes  vast  quantities 
of  gases,  chiefly  water  vapor,  to  the  atmosphere,  and  the  aggregate 
amount  of  volatile  substances  thus  transferred  from  the  earth  interior 
during  geologic  time  is  undoubtedly  of  great  importance.  The  gases  of 
volcanoes  and  the  gases  that  are  found  in  all  igneous  rocks  probably 
represent  a  part  of  the  original  gaseous  dissolved  matter  that  for  longer 
or  shorter  time  has  been  imprisoned  in  the  solidified  rocks  of  the  outer 
earth.  It  is  thus  possible  under  the  molten-earth  hypothesis  to  explain 
the  development  of  the  atmosphere  and  hydrosphere  as  dependent 
largely,  or  perhaps  mostly,  on  volatile  materials  obtained  from  the  form- 
erly liquid  substance  of  the  earth.  In  this  case  it  is  unnecessary  to 
assume  an  exceedingly  heavy  initial  atmosphere. 

Problems  of  the  Molten-earth  Hypothesis. — The  outstanding  derivative  of  the 
molten-earth  hypothesis  is  the  fairly  perfect  density  stratification  of  the  globe,  the 
surface  of  the  lithosphere  being  light  and  the  interior  increasingly  dense  and  heavy. 
In  "this  the  hypothesis  fits  well  with  observation.  The  chief  problems  have  to  do 
with  the  origin  of  the  continents  and  ocean  basins,  the  nature  of  the  primitive  atmos- 
phere, and  the  causes  of  diastrophism  and  vulcanism. 

Major  Relief  Features  of  the  Lithosphere. — As  regards  the  continental  elevations, 
great  mountain  ranges,  and  oceanic  depressions  of  the  earth,  it  is  insufficient  to  assert 
that  cooling  produces  contraction  and  that  this  contraction  causes  wrinkling  of  the 
outer  earth  crust.  Such  wrinkling  might  form  mountains  but  it  cannot  of  itself  pro- 
duce differentiation  of  continental  protuberances  that  are  composed  of  relatively 
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light  rocks,  and  ocean  basins  that  are  cbmposed  of  relatively  heavy  rocks.  Further, 
the  total  amount  of  crustal  shortening  as  indicated  by  folded  and  thrust-faulted 
strata  (including  especially  the  highly  crumpled  and  compressed  oldest  rocks)  greatly 
exceeds,  any  amount  reasonably  assignable  to  shrinkage  of  the  earth  from  cooling. 

Vulcanism  may  be  an  accompaniment  of  crustal  deformation,  but  excepting 
possibly  the  heating  effects  of  radioactivity  there  seems  to  be  no  adequate  cause  of 
extensive  vulcanism  in  a  globe  that  solidified  from  a  molten  state  of  approximate 
equilibrium. 

Absence  of  an  Identifiable  Original  Crust. — The  absence  of  any  rock  at  the  earth's 
surface  that  can  be  recognized  as  part  of  an  original  crust  formed  by  cooling  has  been 
cited  as  evidence  opposing  the  existence  of  such  a  crust.  It  is  reasonable  to  suppose 
that  the  original  crust  would  not  be  buried  everywhere  by  younger  rocks,  especially 
since  it  is  clear  that  in  some  regions  erosion  has  removed  a  thickness  of  rock  amounting 
to  several  miles.  In  regions  where  the  greatest  sequence  of  very  ancient  rocks  is 
exposed,  it  is  significant  that  the  oldest  are  sedimentary  in  origin  and  therefore 
derived  from  preexisting  rocks.  This  does  not  preclude  the  possibility,  on  the  other 
hand,  that  certain  areas  of  granitic  rocks  at  the  earth's  surface  actually  represent  an 
original  crust. 

Ancient  Climates. — Formerly  it  was  believed  that  the  average  temperature  of  the 
atmosphere  has  cooled  steadily  from  the  time  when  the  globe  was  molten,  tropical 
plants  in  polar  regions  during  part  of  past  geologic  time  indicating  climatic  conditions 
intermediate  between  the  extreme  heat  of  earliest  time  and  the  cooler  conditions  of 
the  present.  The  discovery  of  glacial  deposits  in  several  parts  of  the  world  represent- 
ing early  parts  of  the  geologic  record  proves  convincingly  that  ancient  climates  were 
not  necessarily  torrid. 

The  Solid-earth  Hypothesis 

The  Nuclear  Stage. — According  to  Chamberlin's  statemfent  of  the 
planetesimal  hypothesis,  the  initial  segregation  of  the  disrupted  sun 
matter  which  was  to  form  the  earth  may  have  been  relatively  small  in 
mass  as  compared  with  the  full-grown  earth.  At  the  outset  the  nucleus 
may  have  been  gaseous  or  molten,  but  in  a  relatively  short  time  it  is 
thought  to  have  become  sufficiently  cooled  to  solidify.  Increase  of 
size  through  addition  of  planetesimal  matter  is  a  dominant  feature  of 
what  may  be  termed  the  nuclear  stage,  and  the  earth  may  have  been  a 
solid  body  throughout  this  time  of  growth.  If  conditions  favored  an 
early  gathering-in  of  the  heavier  planetesimal  matter,  in  accordance  with 
causes  postulated  by  Chamberlin,  the  inner  parts  of  the  earth  would 
come  to  have  .an  excess  gravity  and  density, 

The  Initial  Volcanic  Stage. — The  nature  of  planetesimal  infall  leads 
inevitably  to  heterogeneous  arrangement  and  composition  of  the  materials 
added  to  the  earth's  sphere. 

The  compression  of  the  inner  earth  by  weight  of  increasing  thicknesses 
of  planetesimal  matter  produces  heat,  and  this,  added  to  inherited  internal 
temperature  which  may  have  been  high,  heat  from  impact  of  infalling 
planetesimals,  and  heat  arising  from  decomposition  of  radioactive  sub- 
stances, is  thought  to  have  been  sufficient,  when  carried  outward  by 
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conduction,  to  cause  the  melting  of  more  fusible  buried  matter.  This 
is  an  initiation  of  volcanic  conditions  in  which  the  molten  substances 
tend  to  work  their  way  upward  to  zones  of  lesser  heat.  To  the  selective 
fusion  of  relatively  light  silicate  rock  matter  and  its  transfer  to  the  outer 
portions  of  the  earth  body,  and  to  the  consequent  residual  concentration 
of  relatively  heavy  metallic  alloys  in  the  central  core,  is  assigned  the  main 
role  in  establishing  the  density  stratification  of  the  globe.  Perfection  of 
density  stratification,  on  this  hypothesis,  depends  largely  on  the  manner 
and  the  completeness  of  redistribution  of  matter  through  the  agency  of 
vulcanism.  Heterogeneity  of  rock  materials  in  the  crust  and  interior  is 
favored  by  growth  of  the  earth  as  a  solid  body,  whereas  homogeneity  at 
each  level  is  favored  by  solidification  of  a  molten  globe. 

The  Initial  Atmospheric  Stage. — The  original  earth  nucleus  of  the 
planetesimal  hypothesis  may  have  been  too  small  to  hold  very  much  of 
an  atmosphere.  As  the  earth  increased  in  mass,  its  capacity  to  hold 
an  atmosphere  became  correspondingly  greater,  and  it  is  assumed  that 
the  quantity  of  gases  increased  gradually.  The  sources  of  the  added 
atmospheric  constituents  include  (1)  captured  planetesimals  consisting 
of  individual  gas  molecules,  and  (2)  gases  contained  in  larger  planetesi- 
mals liberated  (a)  at  the  time  of  collision  or  (b)  subsequently  through 
fusion  of  the  planetesimal  matter  and  transfer  to  the  surface  by  volcanic 
action.  Meteorites,  and  likewise  almost  all  igneous  rocks,  give  off  gases 
when  heated  in  a  vacuum.  Volcanoes  are  known  to  contribute  large 
amounts  of  water  vapor,  hydrogen,  nitrogen,  carbon  dioxide,  sulphur 
oxides,  chlorine,  and  other  gases  to  the  atmosphere.  These  observations 
make  reasonable  the  assumption  that  gaseous  matter  was  contained  in 
the  planetesimals,  part  of  it  being  set  free  by  heat  of  injpacts  and  part 
being  buried,  forming  later  a  constituent  of  the  discharge  from  volcanic 
vents. 

The  Initial  Hydrospheric  Stage. — When  the  earth  had  reached 
sufficient  size  to  hold  an  appreciable  atmosphere,  water  vapor  could  be 
held  in  it;  and  when  the  point  of  saturation  was  reached,  the  water  vapor 
would  assume  liquid  form  and,  falling  to  the  earth,  initiate  the  hydro- 
sphere. With  the  beginning  of  a  hydrosphere  comes  the  possibility  of 
active  weathering  of  rock  materials  and  the  transportation  and  deposition 
of  sediments,  which  belong  among  the  most  important  of  geologic  proc- 
esses. The  redistribution  of  matter  and  the  making  of  sedimentary  rocks 
that  are  effected  on  an  enormous  scale  by  work  of  water  may  thus  have 
been  introduced  long  before  the  earth  reached  mature  stature. 

The  very  ancient  beginning  and  gradually  increasing  magnitude  of 
the  hydrosphere,  as  postulated  by  the  solid-earth  hypothesis,  accom- 
panied by  selective  effects  of  sedimentation  in  concentrating  light  mate- 
rials on  lands  and  heavy  materials  in  water-filled  basins,  are  possible 
factors  in  making  the  continents  and  oceans. 
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Problems  of  the  solid-earth  hypothesis  are  very  similar  to  those  of  the  molten- 
earth  hypothesis  but  the  approach  to  them  is/ naturally  quite  different.  How  is  the 
distribution  of  densities  in  the  earth  interior  explained?  Have  the  composition  and 
volume  of  the  atmosphere  and  hydrosphere  changed  greatly  in  the  course  of  earth 
history?  What  is  the  origin  of  the  continents  and  ocean  basins?  Why  are  the 
continents  periodically  elevated  and  what  is  the  cause  of  mountain-building?  What 
significance  has  the  location  of  great  mountain  chains  of  the  geologic  past  and  present? 
What  is  the  cause  of  vulcanism?  These  and  many  other  fundamental  problems  of 
geology  depend  on  conditions  in  the  development  of  the  primitive  earth.  The  validity 
of  the  solid-earth  hjrpothesis,  or  of  any  other,  is  to  be  tested  by  the  extent  to  which  it 
accords  with  evidence  bearing  on  geologic  conditions  and  history. 

Density  stratification  within  the  lithosphcre  is  explained  as  the  result  of  (I)  a 
tendency  in  early  growth  stages  of  the  earth  nucleus  toward  more  rapid  infall  of  the 
heavy  planetesimals,  and  (2)  redistribution  of  materials  through  the  agency  of  vulcan- 
ism. If  the  effects  of  these  arc  admitted  qualitatively,  it  is  still  doubtful  if  they  arc 
adequate  quantitatively. 

Atmosphere  and  Hydrosphere. — It  the  volume  of  the  atmosphere  and  hydrosphere 
increased  gradually  during  early  earth  history,  it  is  reasonable  to  assume  that  the 
composition  of  the  primitive  atmosphere,  conditions  of  climate,  and  the  nature  of 
erosion  and  sedimentation  were  not  unlike  the  present.  This  accords  with  evidence 
as  far  as  known.  It  may  be  said,  however,  that,  if  the  beginning  of  the  hydrosphere 
greatly  antedates  the  time  when  the  earth  had  reached  mature  size,  the  oceans  should 
contain  much  more  dissolved  mineral  matter  than  they  do,  unless  increase  of  water 
volume  has  been  sufficient  to  maintain  dilution. 

Diastrophism  and  Vulcanism. — The  controlling  element  in  the  periodic  warping 
of  continental  areas  and  the  sharp  compression  that  produces  mountain  folding  seems 
to  be  sinking  movements  of  oceanic  segments  accompanied  by  lateral  thrusts  toward 
the  continents.  According  to  the  solid-earth  hypothesis,  the  structure  of  the  Htho- 
spherc  that  is  affected  by  this  diast rophism  is  an  outgrowth  of  (1)  planetesimal 
accretion,  (2)  redistribution  of  materials  by  erosion,  sedimentation,  and  vulcanism, 
and  possibly  (3)  adjustments  to  changes  in  rate  of  earth  rotation.  It  is  not  necessarily 
true  that  the  size  of  the  earth  has  diminished  through  cooling  and  contractioif,  but  it 
is  likely  that  this  and  the  tendency  to  form  denser  compounds  within  the  earth  through 
physicochemical  changes  have  resulted  in  shrinkage.  This  shrinkage  may  be  a  primary 
cause  of  diastrophism. 

Vulcanism  is  closely  related  to  diastrophism.  There  is  seemingly  greater  reason 
for  extensive  volcanic  activity  in  an  earth  built  up  of  heterogeneous  materials  as 
postulated  by  the  solid-earth  hypothesis  than  in  a  planet  that  was  formerly  molten. 
Naturally,  volcanic  activity  is  only  known,  however,  in  the  surficial  part  of  the  earth 
and  it  may  be  prominent  where  the  character  of  rocks  beneath  the  surface  is  fairly 
homogeneous.  Vulcanism  is  certainly  not  dependent  alone  on  composition  of  rocks. 
These  and  other  problems  are  too  complex  for  detailed  treatment  here,  but  in  the 
following  section  some  attention  is  devoted  to  the  important  subject  of  the  continents 
and  ocean  basins. 

DEVELOPMENT  OF  THE  CONTINENTS  AND  OCEAN  BASINS 

The  continents  and  ocean  basins,  including  lofty  mountain  ranges  of 
the  one  and  abyssal  deeps  of  the  other,  are  relief  features  of  the  lithosphere 
that  have  greatest  geologic  importance.  The  continents  are  protuber- 
ances rising  about  a  half  mile  in  average  elevation  above  mean  sea  level; 
the  ocean  basins  have  an  average  depth  of  about  2]/£  miles  below  sea  level. 
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These  seem  to  be  great  surface  inequalities,  but  as  regards  the  earth  as  a 
whole  they  are  really  inappreciable.  On  a  5-foot  globe  the  continents 
would  stand  only  about  Ks  inch  above  the  oceanic  bottoms,  a  difference 
so  small  as  to  be  imperceptible;  it  is  like  a  coat  of  varnish  painted  on  a 
perfectly  smooth  sphere.  Let  us  examine  some  of  the  geologic  characters 
of  the  continents  and  oceanic  areas,  and  hypotheses  that  have  been 
advanced  to  explain  these  features. 

Geologic  Features  of  the  Continents 

The  continental  portions  of  the  lithosphere  include  not  only  the  great 
land  areas  of  the  globe  but  also  the  submerged  borders  to  a  depth  of 
approximately  600  feet — the  continental  shelves.  This  modifies  the 
outline  of  the  continents  appreciably  in  many  places,  obliterating  many 
of  the  irregularities.  The  total  area  of  the  continental  platforms  com- 
prises about  35  per  cent  of  the  earth's  surface.  The  distribution  of  the 
continents  is  not  regular  or  symmetrical,  for  most  of  the  lands  are  con- 
tained in  the  so-called  "land  hemisphere"  centering  around  the  North 
Atlantic,  and  the  seas  are  largely  concentrated  in  the  "water  hemisphere" 
that  includes  most  of  the  Pacific  and  southern  Indian  oceans. 

The  surface  of  the  continents  consists  of  large  lowland  areas  and  of 
relatively  small  plateau  and  mountain  areas,  the  latter  reaching  a  maxi- 
mum elevation  of  about  5.5  miles  above  sea  level.  It  is  significant  that 
the  mountain  chains  occur  typically  along  the  border  of  the  continents 
or  near  and  roughly  parallel  to  them. 

Old-rock  Platforms. — A  very  large  part  of  each  continent  consists  of 
an  even-topped  platform  composed  of  extremely  ancient  igneous  and 
met  amor  phic  crystalline  rocks.  These  are  the  very  stable  foundations 
of  the  continental  areas.  They  are  not  now  prominent  topographically, 
nor  have  they  been  during  the  greater  part  of  recorded  geologic  history, 
yet  they  are  essentially  the  backbone  of  the  continents.  The  pressure 
from  oceanic  segments  directed  against  them  has  caused  folding  and 
faulting  of  rocks  near  their  borders,  forming  mountain  ranges,  but  the 
old-rock  platforms  have  suffered  only  gentle  elevation  or  depression 
accompanied  by  slight  warping. 

The  old-rock  platforms  of  the  continents  may  be  divided  in  two 
parts:  (1)  a  dominantly  emergent,  so-called  nuclear  element,  and  (2)  a 
submergent  element.  During  known  geologic  history  the  former  has 
tended  to  stand  as  a  low  but  persistent  land  area,  while  the  latter  has 
been  depressed  slightly  and  flooded  repeatedly  by  shallow  seas. 

Nuclear  Elements. — The  areas  that  are  periodically  and  differentially 
elevated  or  remain  relatively  high  are  considered  as  positive  portions  of 
the  lithosphere.  Although  the  nuclear  elements  (also  termed  shields) 
are  persistent  lands,  they  are  not  an  important  source  of  the  sedimentary 
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deposits  that  surround  them;  as  outlined  in  later  chapters  there  is  abun- 
dant evidence  that  these  sediments  came  chiefly  from  recurrently  elevated 
lands  at  the  borders  of  the  continent.  The  main  nuclear  element  of  the 
North  American  continent  occupies  north  central  Canada  and  Greenland 
and  is  known  as  the  Canadian  Shield. 

Submergent  Elements. — The  submergent  portion  of  the  continental 
old-rock  platforms  differs  from  the  nuclear  element  only  in  the  slight 
sinking  or  negative  tendency  that  permits  periodic  submergence  by 
shallow  seas.  Accordingly,  the  submergent  element  is  covered  by 
sedimentary  deposits  a  few  hundreds  or  thousands  of  feet  (maximum 


FIG.  7. — Map  showing  the  Old-rock  Platform  of  North  America  and  its  nuclear  and 
submergent  subdivisions.  Also  shown  are  the  marginal  belts  of  very  thick  sedimentation, 
termed  geosynclines,  and  the  borderlands  that  in  Paleozoic  time  and  possibly  other  eras 
existed  beyond  the  geosynclines. 

about  5,000  feet)  in  thickness.  The  sedimentary  rocks  are  horizontal  or 
only  gently  tilted,  for  the  platform  on  which  they  rest  has  not  been 
upheaved  by  mountain-making  movements.  The  submergent  elements 
of  the  old-rock  platforms  contain  subordinate  positive  and  negative  areas, 
districts  that  tend  slightly  to  rise  (or  sink  less)  and  to  subside  (or  sink 
more)  as  compared  with  the  average. 

Features  of  Continental  Borders. — Examination  of  the  borders  of  the 
continents  calls  attention  to  the  following  types  of  geologic  relationships. 

1.  Mountain  Ranges  Parallel  to  the  Continental  Border. — North 
America  furnishes  the  best  example,  with  the  great  Cordilleran  moun- 
tain belt  on  the  west,  the  Appalachian  chain  on  the  east,  the  Endicott  and 
other  ranges  in  the  far  north  parallel  to  the  Arctic  Border,  and  the  some- 
what inland  east-west  trending  Ouachita-Arbuckle- Wichita  Mountains 
in  the  south.  The  Pacific  Ocean  is  largely  girdled  by  mountain  chains 
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that  are  closely  parallel  to  the  continental  borders.  Very  certainly  there 
is  a  reason  for  this  relationship  in  the  location  of  mountain  chains  and 
continental  borders. 

2.  Geologic    Structures    Discordant    with    Continental    Borders, — The 
trend  of  continental  margins  in  many  places,  especially  adjoining  the 
Atlantic  and  Indian  Oceans,  shows  no  connection  with  geologic  structure. 
The  borders  of  the  continents  cut  directly  or  obliquely  across  the  axes 
of  mountain  chains  and  intersect  the  granitic  and  metamorphic  rock  areas 
of  continental  old-rock  platforms.     Warping  and  faulting,  of  a  geologic 
date  much  younger  than  that  of  the  structural  elements  of  the  continents 
that  are  thus  broken  off,  control  the  position  of  the  continental  border. 
Africa,  India,  and  western  Europe  furnish  excellent  examples  of  discord- 
ance of  geologic  structures  and  the  continental  borders. 

3.  Continental  Borders  Controlled  by  Sedimentation. — The  outward 
building  of  sedimentary  deposits  forming  broad  coastal  plains  and  widen- 
ing continental  shelves  apparently  controls  the  outline  of  continents  in 
some  places.     Examples  are  seen  in  the  Atlantic  and  Gulf  of  Mexico 
Borders  of  North  America,  the  Arctic  Border  of  Asia  and  elsewhere. 

Density  of  the  Continents. — The  rock  materials  of  the  continental 
areas  are  relatively  light,  the  specific  gravity  averaging  about  2.6  which 
is  equivalent  to  that  of  an  average  granite.  Also,  measurements  of 
gravity  in  mountain  areas  indicate  that  these  are  lighter  than  average 
lowland  areas. 

Geologic  Features  of  Ocean  Basins 

The  oceans  cover  almost  three-fourths  of  the  surface  of  the  globe  but 
the  area  of  the  ocean  basins,  excluding  the  shallow  continental  shelf 
seas,  is  about  65  per  cent  of  the  earth's  surface.  The  Pacific  is  much  the 
largest  of  the  oceans,  exceeding  by  some  ten  million  square  miles  the 
combined  area  of  all  the  continents.  The  outline  of  the  ocean  basins, 
which  is  best  observed  on  a  globe,  tends  to  roundness  although  there  are 
numerous  irregularities. 

The  relief  features  of  the  ocean  basins  include  (1)  the  relatively  steep 
slopes  beyond  the  edge  of  the  continental  shelves,  (2)  the  broad  and 
fairly  even  bottom  of  the  basins  which  averages  about  2.5  miles  below 
sea  level,  (3)  swells  that  rise  many  thousands  of  feet  above  the  ocean 
floor,  and  (4)  elongate  narrow  deeps  which  reach  a  maximum  depth  of 
over  6  miles  below  sea  level. 

Slopes  below  Continental  Shelves. — The  slopes  below  the  continental 
shelves  are  doubtless  influenced  in  many  places  by  sediments  derived  from 
the  continents,  but  their  location  and  form  are  believed  to  be  due  mainly 
to  earth  movements,  including  both  folding  or  warping  and  faulting. 
Recent  studies  indicate  that  some  of  the  slopes  are  fault  scarps,  the 
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original  steepness  being  reduced  by  sediments  washed  over  the  edge  of  the 
shelves  and  by  submarine  landslides. 

Ocean  Floor. — The  ocean  floor  receives  an  insignificant  amount  of 
sedimentary  material  consisting  chiefly  of  calcareous  and  siliceous  oozes 
and  red  clay.  The  attitude  and  depth  of  the  floor  are  evidently  con- 
trolled by  structural  conditions  underlying  this  part  of  the  earth  crust, 
and  also  to  considerable  degree  in  some  regions  by  accumulations  of 
basaltic  lavas. 

Swells. — The  swells  are  in  some  cases  several  thousands  of  miles  long 
and  a  few  scores  or  hundreds  of  miles  wide.  They  suggest  submarine 
upfolds  that  are  analogous  to  the  mountain  ranges  of  continents,  but  they 
differ  from  the  latter  especially  in  the  absence  of  dissection  by  erosion. 

Deeps. — The  location  of  the  deeps,  which  arc  generally  closely  adja- 
cent and  parallel  to  prominent  mountain  folding  on  continental  borders, 
indicates  that  these  abysses  are  down  warps.  They  are  the  result  of 
stresses  in  the  earth  crust  that  arc  connected  with  the  phenomena  of 
mountain-building. 

Density  of  Ocean  Basins. — The  average  density  of  rocks  from  oceanic 
areas  is  distinctly  greater  than  that  of  the  continents,  amounting  to  about 
3.3,  which  is  equivalent  to  the  specific  gravity  of  average  basalt. 

Permanency  of  the  Continents  and  Ocean  Basins 

There  is  physical  and  historical  geologic  evidence  for  the  conclusion 
that  the  continents  and  ocean  basins  are  essentially  permanent  features 
of  the  lithosphere  as  regards  both  general  structural  character  and  loca- 
tion. The  outlines  of  the  continents  and  basins  have  been  modified  by 
outward  building  of  the  continents,  by  development  of  mountain  belts 
through  lateral  compression,  and  by  the  sinking  of  fragments  of  conti- 
nents into  oceans.  There  has  been  no  general  interchange  of  continental 
and  oceanic  areas,  however.  This  conclusion  is  indicated  (1)  by  the 
difference  in  average  specific  gravity  of  the  continents  and  ocean  basins 
which  is  primarily  responsible  for  the  general  elevation  of  the  land  areas 
and  depression  of  the  oceanic  areas.  No  considerable  change  of  continent 
to  basin  or  basin  to  continent  could  be  effected  without  reversal  of 
specific-gravity  characters.  (2)  Shallow  seas  have  repeatedly  spread 
over  parts  of  the  continents,  but  these  are  not  at  all  parts  of  the  oceans 
in  the  strict  sense.  The  fact  that  sediments  of  deep-sea  type  are  practi- 
cally unknown  on  the  lands  and  the  observation  that  the  marine  deposits 
of  the  continents  are  all  of  comparatively  shallow  or  very  shallow  waters 
support  the  conclusion  that  the  continents  have  been  continents  through- 
out at  least  the  part  of  geologic  time  that  is  recorded  by  sedimentary 
rock  formations.  Deposits  of  abyssal  type  occur  in  the  Mediterranean, 
East  Indies,  and  West  Indies,  all  of  which  regions  offer  evidence  of 
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unusual  vertical  movements;  they  belong  to  a  belt  of  great  crustal 
mobility. 

Hypotheses  of  the  Origin  of  Continents  and  Ocean  Basins 

The  beginning  of  the  continents  and  ocean  basins  belongs  to  so  distant 
a  part  of  the  geologic  past  that  the  causes  and  early  evolution  of  the  major 
relief  features  of  the  lithosphere  are  shrouded  in  obscurity.  A  few  of  the 
hypotheses  that  have  been  offered  to  account  for  the  continents  and  oceans 
will  be  considered  briefly.  Some  are  predicated  on  the  supposition  that 
the  full-sized  earth  was  formerly  molten,  some  postulate  a  partial  or 
potential  fluidity  of  the  interior  in  late  geologic  time,  and  some  are  based 

on  the  concept  of  a  globe  that  developed  as  a 
solid  body.  Like  the  problem  of  the  begin- 
ning of  the  earth,  that  of  the  origin  of 
continents  and  ocean  basins  cannot  now  be 
given  definite  answer. 

Differential-contraction  Hypothesis. — A 
suggested  mode  of  origin  of  the  continents 
and  ocean  basins  in  the  course  of  cooling  and 
solidification  of  a  once-molten  planet  is  based 
on  assumed  differential  contraction  of  various 
segments.  In  the  words  of  James  D.  Dana, 
one  of  the  foremost  American  geologists  of  the 
last  century,  this  hypothesis  may  be  stated  as 
follows. 

Fia.  8. — James  D  wight  Dana 

(1813-1895).  The  defining  of  the  continental  and  oceanic 

areas  began  with  the  commencement  of  the  earth's 

solidification  at  the  surface.  The  continental  areas  are  the  areas  of  least 
contraction,  and  the  oceanic  basins  those  of  the  greatest,  the  former  having 
earliest  had  a  solid  crust.  After  the  continental  part  was  thus  stiffened 
and  rendered  comparatively  unyielding,  the  oceanic  part  went  on  cooling,  solidify- 
ing, and  contracting. throughout;  consequently  it  became  depressed,  with  the 
sides  of  the  depression  somewhat  abrupt.  The  formation  of  the  oceanic  basins 
and  continental  areas  was  thus  due  to  unequal  radial  contraction. 

Basic-eruption  Hypothesis. — A  hypothesis  of  the  origin  of  continents 
and  ocean  basins  developed  by  the  late  Joseph  Barrell  of  Yale  University 
postulates  an  original  granite  crust  that  was  formed  by  cooling  of  a 
molten  earth.  The  crust  was  continuous  and  uniform  over  all  of  the 
globe,  and  in  the  beginning  its  surface  was  featureless.  Accumulation 
of  heat  from  radioactive  sources  is  thought  to  have  caused  a  slow  remelt- 
ing  of  solid  basic  rocks  in  parts  of  the  Hiibmistal  zone,  and  the  eruption 
of  heavy  magma  into  and  through  the  &r:mitic  crust  on  a  gigantic  scale 
is  assumed  to  huve  weighted  clown  broad  areas  of  the  crust.  The 
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subsided  segments  of  the  crust  form  ocean  basins  and  the  residual  unde- 
pressed segments  comprise  continents.  As  suggested  by  the  lava  plains 
of  the  moon,  it  is  conceived  that  basic  eruptions,  when  started  at  a  certain 
point,  extend  outward  with  widening  radius,  giving  rise  to  the  rudely 
circular  outlines  that  are  characteristic  of  ocean  basins. 

"Floating-continents"  Hypothesis.— Another  hypothesis  is  that  of 
"  floating  continents,"  recently  introduced  by  a  German  meteorologist 
(Wegener),  primarily  in  order  to  account  for  distribution  of  past  climates 
and  other  geologic  features.  This  hypothesis,  which  has  many  adherents, 
especially  in  Europe,  postulates  a  single  large  initial  continent  formed  by 
the  floating  together  and  piling  up  of  the  lightest  surface  constituents 
of  the  formerly  molten  globe.  Comparatively  late  in  geologic  time, 


Pennsylvanian  Eocene  Early  Pleistocene 

FIG.  9. — Sketch  maps  showing  hypothetical  relations  of  the  continents  at  three  past 
stages.  The  horizontal  line  in  the  central  part  of  the  maps  represents  the  Equator,  and 
the  vertical  line  an  arbitrary  meridian  that  holds  the  same  position  across  Africa.  Note 
the  assumed  lateral  shift  of  other  land  masses,  especially  the  "drifting"  of  the  Americas 
away  from  the  Old  World.  (Redrawn  from  Alfred  Wegener.) 

very  long  after  solidification  of  the  earth,  this  primeval  continent  is 
assumed  to  have  broken  apart,  the  several  fragments  shifting  their  posi- 
tion laterally  through  tidal  action  and  the  yielding  of  a  hypothetical 
subcrustal  zone  of  heavy  weak  rocks  that  cannot  resist  differential  pressure. 
The  Americas  are  thus  supposed  to  have  "floated"  westward  from  their 
former  connection  with  the  Old  World,  the  great  range  of  mountains 
along  the  Pacific  Border  being  formed  by  the  lateral  pressure  encountered 
by  the  continents  in  their  movement.  The  suggested  cause  of  the 
supposed  drift  appears  to  be  quite  inadequate,  especially  where  north- 
ward or  southward  migration  must  be  assumed.  Also,  if  the  substratum 
is  sufficiently  mobile  to  permit  large-scale  shifting  of  continental  masses, 
it  is  difficult  to  see  how  it  is  resistant  enough  to  form  great  mountain 
ranges;  or  viewed  oppositely,  if  resistance  is  sufficient  to  form  such 
mountains,  it  is  hardly  conceivable  that  any  shifting  of  the  continents  is 
possible.  There  are  many  other  objections  which  have  led  most  geolo- 
gists to  reject  this  hypothesis. 

Segregation  Hypothesis. — Application  of  the  planetesimal  hypothesis 
to  the  problem  of  the  origin  of  the  continents  and  ocean  basins  has  been 
developed  by  Chamberlin  in  what  may  be  termed  the  segregation 
hypothesis.  This  is  based  (1)  on  conditions  of  eruption  of  sun  matter 
that  formed  the  earth  nucleus,  which  are  assumed  to  have  produced  an 
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initial  difference  in  the  average  density  of  opposite  portions  of  the  primi- 
tive earth.  This  difference  is  regarded  as  a  main  factor  in  the  concen- 
tration of  most  of  the  continental  areas  of  the  mature  earth  in  the  so-called 
"land  hemisphere"  and  oceanic  depressions  in  the  opposite  "water 
hemisphere."  (2)  Attention  is  directed  to  the  mechanics  of  atmospheric 
circulation  about  a  rotating  sphere,  in  which  three  alternating  areas  of 
high  and  low  pressure  are  developed  in. each  hemisphere,  as  is  observed 
on  the  earth  at  the  present  time;  the  effect  of  atmospheric  circulation  on 
the  concentration  of  lighter  planetesimal  material  at  certain  places  is 
assigned  as  a  differentiating  factor  that  in  the  course  of  planetary  growth 
led  cumulatively  to  development  of  slightly  lighter  (continental)  seg- 
ments and  slightly  heavier  (oceanic)  segments.  (3)  Accompanying  and 
following  this  initial  segregation,  the  concentration  of  light  siliceous 
matter  on  the  lands  through  solution  and  removal  of  heavy  basic  matter 
to  the  ocean  basins  is  considered  as  a  further  factor  in  making  the  conti- 
nents. (4)  The  effect  on  a  solid  earth  of  possible  changes  in  the  rate  of 
rotation  is  analyzed  by  Chamberlin  and  compared  with  the  location  and 
pattern  of  the  continents.  The  details  of  this  hypothesis  are  too  numer- 
ous and  complex  for  presentation  here.  It  should  perhaps  be  noted  that 
the  role  of  these  processes  is  the  primary  differentiation  of  the  earth 
surface  into  continental  and  oceanic  areas.  (5)  The  accentuation  of 
continents  and  ocean  basins  is  attributed  to  later  diastrophism  and 
vulcanism  in  which  the  continental  and  oceanic  segments  have  behaved 
differently,  the  latter  sinking  the  most. 

Asthenolith  Hypothesis, — The  light,  elevated  portions  of  the  litho- 
sphere  that  form  continents,  and  the  heavy,  relatively  depressed  portions 
that  form  ocean  basins,  consist  primarily  of  igneous  rocks,  for  the 
discontinuous  veneer  of  sedimentary  materials  is  quantitatively  insig- 
nificant when  the  earth  is  considered  as  a  whole.  The  igneous  rocks 
of  the  continents  belong  predominantly  to  the  granite  family,  consisting 
of  acid-rich  light  rocks;  the  igneous  rocks  of  ocean  basins  belong  almost 
entirely  to  the  basalt  family,  consisting  of  basic  heavy  rocks.  The 
problem  involved  in  explaining  the  existence  of  continents  and  ocean 
basins,  therefore,  may  be  largely  a  question  of  the  distribution  in  the  earth 
crust  of  igneous  rocks  of  different  density. 

According  to  a  hypothesis  recently  advanced  by  Bailey  Willis,  the 
chief  factor  in  the  concentration  of  granitic  rocks  in  certain  crustal  areas 
and  of  basaltic  rocks  in  others  is  the  formation  of  horizontally  extensive, 
lenticular  bodies  of  igneous  magma  at  or  near  the  base  of  the  crust,  that 
is,  some  30  miles  or  rfiore  beneath  the  surface.  These  large  magma 
bodies,  named  asthenoliths,  are  thought  to  result  from  melting  of  parts 
of  the  subcrustal  zone  due  to  accumulated  heat  derived  from  the  earth 
interior.  The  rise  of  temperature  beneath  the  crust  is  caused  by  the 
relatively  low  conductivity  of  the  crust,  which  is  thus  unable  to  carry 
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heat  outward  as  rapidly  as  it  is  supplied  from  the  interior.  Irregularity 
in  the  amount  of  outwardly  transferred  heat  and  its  effects  in  different 
places  is  assumed  to  result  from  heterogeneity  of  materials  within  the 
earth  and  from  the  distribution  of  local  melting  caused  by  action  of  tidal 
and  other  stresses  in  the  deep  rock  zones  surrounding  the  highly  heated 
core.  When  subcrustal  temperature  in  some  region  is  sufficiently 
increased,  melting  is  initiated. 

The  composition  of  a  growing  asthenolith  is  more  or  less  basic  because 
this  is  the  average  character  of  the  rocks  beneath  the  crust.  Subse- 
quently, however,  as  the  dimensions  of  the  melted  mass  are  slowly- 
increased,  ultimately  reaching  a  horizontal  extent  of  perhaps  some 
hundreds  of  miles,  differentiation  of  the  magma  into  light  (granitic) 
and  heavy  (strongly  basic)  portions  is  extremely  probable.  Such  differ- 
entiation is  known  to  be  the  normal  habit  in  large  magmatic  masses. 


Outer  Crust  Wholrth 


.Granitic  toa&ma  differentiated  from 


FIG.    10.— Diagram  of  an  asthenolith  showing  differentiation  of  the  magma  into  lighter 
(granitic)  and  heavier  (basaltic)  portions.      (After  Railry  Willitt.) 

Analysis  of  structural  conditions  gives  theoretical  basis  for  the  conclusion 
that  eruption  of  granitic  magma  is  especially  favored  in  the  peripheral 
portions  of  an  asthenolith.  This  adds  light  matter  to  parts  of  the  crust 
adjoining  the  asthenolith  and  concentrates  distribution  of  granitic  rocks 
to  form  continents.  The  area  of  the  asthenolith  becomes  relatively 
denser  and,  through  sagging  of  the  crust,  oceanic  depressions  are  devel- 
oped. Large  eruptions  of  basaltic  magma  may  occur  in  the  depressed 
areas.  The  transfer  of  light  matter  from  oceanic  to  continental  areas  is 
presumably  compensated  by  movement  in  the  zone  of  flow  of  heavy 
matter  from  continental  to  oceanic  areas,  this  movement  taking  place  in 
the  subcrustal  zone. 

The  grouping  of  continents  in  the  land  hemisphere  is  regarded  as 
consequent  on  an  original  concentration  of  lighter  materials  in  a  part  of 
the  globe  as  postulated  by  Chamberlin. 

It  is  observed  that  many  of  the  ocean  deeps,  which  represent  subsiding 
areas  of  the  crust,  are  adjacent  to  areas  of  strong  elevation  and  vulcanism 
on  land.  A  genetic  relation  between  these  features  is  strongly  indicated, 
The  asthenolith  hypothesis  accounts  for  the  depression  as  a  sag  of  the 
crust  over  the  central  part  of  a  subcrustal  magma,  and  the  continental 
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elevation  and  vulcanism  as  a  result  of  eruption  toward  the  margin  of  the 
magma. 

SUMMARY 

The  extremely  long  and  geologically  critical  stages  of  earth  develop- 
ment that  lie  between  the  birth  of  the  planet  and  the  beginning  of  the 
historical  record  contained  in  exposed  rock  formations  are  mostly  sub- 
jects of  speculation.  We  may  conclude,  however,  that  these  stages  are 
associated  either  with  (1)  an  initial  mature-sized  molten  globe,  or  (2)  an 
earth  that  grew  up  as  a  solid  body. 

The  molten-earth  hypothesis  provides  basis  for  a  nearly  perfect  density 
stratification  of  the  lithosphere,  with  heaviest  materials  in  the  center  and 
lightest  at  the  surface.  The  primitive  atmosphere  must  have  been  many 
times  denser  than  now,  containing  all  of  the  gases  that  now  form  the 
hydrosphere  and  certain  compounds  in  the  lithosphere,  which  is  unlikely; 
or,  on  the  other  hand,  most  of  these  gases  must  have  been  dissolved  in  the 
liquid  rock  matter  and  liberated  subsequently.  There  was  no  hydro- 
sphere until  surface  temperatures  fell  below  the  boiling  point  of  water. 
It  is  hard  to  explain  how  the  major  surface  irregularities  of  the  lithosphere 
have  been  formecbif  the  earth  was  once  molten.  The  continents  are  not 
only  higher  but  they  are  distinctly  lighter  than  the  ocean  basins.  Con- 
traction due  to  cooling  might  cause  wrinkles  (mountain  ranges)  but  the 
observed  evidence  of  crustal  shortening  greatly  exceeds  that  assignable 
to  cooling.  An  original  earth  crust  is  not  identifiable.  As  regards  the 
known  geologic  record,  ancient  climates  were  not  uniformly  hot,  for  glacial 
deposits  of  great  antiquity  are  known. 

The  solid-earth  hypothesis  postulates  gradual  increase  of  size  from  an 
initial  nuclear  stage.  Infalling  planetesimal  matter  was  necessarily 
arranged  in  a  heterogeneous  manner.  Heat  from  condensation  and  other 
causes  brought  about  fusion  of  parts  of  the  buried  substances,  introducing 
a  volcanic  stage.  This  vulcanism  is  assumed  to  have  developed  a  rough 
stratification  of  materials  according  to  density.  The  atmosphere  consists 
of  gases  coming  from  the  original  nucleus  together  with  later  additions 
from  planetesimals;  initially  the  atmosphere  may  have  been  very  much 
lighter  than  now.  The  hydrosphere  could  begin  to  exist  as  soon  as  the 
atmosphere  became  saturated  with  water  vapor;  in  the  beginning  the 
hydrosphere  may  have  been  small.  Weathering  of  rocks,  transportation 
of  detritus,  and  sedimentation  are  mainly  dependant  on  work  of  water 
and,  if  a  hydrosphere  was  present  long  before  the  earth  was  fully  grown, 
it  is  possible  that  sedimentary  rocks  are  not  confined  to  the  outermost 
part  of  the  earth. 

The  development  of  the  continents  and  ocean  basins  is  an  especially 
important  problem  that  belongs  to  the  primitive  stages  of  earth  growth. 
The  continents  stand  about  3  miles  above  the  floor  of  the  ocean  basins; 
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they  are  composed  of  relatively  light  materials.  The  most  stable  portions 
of  the  continents  are  areas  of  ancient  crystalline  rocks  called  the  old-rock 
platforms.  Persistent  land  portions  of  the  platform  are  the  positive  or 
nuclear  elements;  portions  covered  by  shallow  seas  are  the  negative  or 
submergent  elements.  The  continental  borders  consist  of  mountain 
ranges  parallel  to  the  border,  of  various  geologic  structures  that  are  dis- 
cordant with  the  border,  and  of  areas  dominated  by  sedimentation.  The 
ocean  basins  contain  swells  and  elongate,  narrow  deeps,  but  most  of  the 
floor  has  an  even  depth  of  about  2.5  miles  below  sea  level.  The  rocks 
underlying  the  oceanic  areas  are  materially  heavier  than  those  of  the 
continents. 

Difference  in  specific  gravity  of  the  continental  and  oceanic  areas  and 
the  fact  that  marine  deposits  on  the  continents  are  of  shallow-water  type, 
abyssal  deposits  being  unknown  except  in  a  few  places  of  great  crustal 
mobility,  indicate  that  the  continents  and  ocean  basins  are  essentially 
permanent  features  of  the  lithosphere. 

Among  hypotheses  of  the  origin  of  continents  and  ocean  basins  are 
(1)  the  differential  contraction  hypothesis,  which  assumes  initial  solidifica- 
tion of  continents  and  greater  contraction  of  oceanic  areas;  (2)  the  basic 
eruption  hypothesis,  which  explains  the  ocean  basins  as  parts  of  an  origi- 
nal granitic  crust  that  are  depressed  by  weight  of  heavy  rock  erupted 
from  beneath  the  crust,  and  the  continents  as  undepressed  parts  of  the 
crust;  (3)  the  floating-continent  hypothesis,  which  postulates  the  lateral 
migration  of  the  Americas  westward  from  a  former  connection  with  the 
Old  World;  (4)  the  segregation  hypothesis  which  suggests  a  control  for 
partial  segregation  of  light  planetesimal  matter  in  continental  areas  and 
heavy  in  oceanic  regions,  with  further  differentiation  of  light  and  heavy 
earth  segments  through  effects  of  weathering,  vulcanism,  and  diastro- 
phism;  and  (5)  the  astnenolith  hypothesis,  which  accounts  for  concentra- 
tion of  granitic  rocks  in  continents  and  basaltic  rocks  in  ocean  basins 
through  the  agency  of  large  subcrustal  "blisters"  of  igneous  magma. 


CHAPTER  IV 
THE  HISTORICAL  SIGNIFICANCE  OF  ROCK  CHARACTERS 

We  may  best  begin  our  study  of  earth  history,  as  recorded  by  the 
accessible  rock  formations  of  our  planet,  by  first  examining  the  nature  of 
the  records.  These  are,  in  essential  character,  results  or  effects  from 
which  we  must  reason  back  to  causes.  Like  a  detective  who  with  trained 
eye  searches  for  all  possible  evidences  bearing  on  a  crime  and  from  these 
evidences  constructs  answers  to  the  questions  when,  how,  why,  and  by 
whom  the  crime  was  committed,  so  the  geologist  seeks  for  evidences  in 
the  rocks,  undertaking  to  determine  when,  how,  and  by  what  agency 
certain  conditions  and  events  in  earth  history  were  brought  about.  The 
trustworthiness  of  inferences  concerning  geologic  history  depends  on 
completeness  of  evidence,  thoroughness  of  observations,  and  accuracy 
of  reasoning.  This  last  factor  is  especially  important.  In  it  lies  one  of 
the  main  educational  values  of  historical  geology.  There  is  probably  no 
branch  of  geologic  science  more  interesting  or  appealing  to  the  imagina- 
tion, and  at  the  same  time  there  is  perhaps  none  requiring  more  constant 
and  careful  exercise  of  reasoning  powers. 

THE  GRAND  CANYON  REGION  AS  AN  EXAMPLE 

The  principles  of  historical  interpretation,  which  are  the  main  theme 
of  this  chapter,  might  be  presented  as  dry  statements  of  general  abstract 
"laws."  It  is  better,  however,  to  base  considerition  of  the  subject  on 
some  definite  region  that  offers  many  excellent  examples  of  "historical 
evidences."  Such  a  region  is  that  of  the  Grand  Canyon  of  the  Colorado 
River  in  northern  Arizona.  Probably  nowhere  else  can  one  find  greater 
variety  of  significant  historical  evidences  more  clearly  shown,  and 
nowhere  else  can  a  single  view  cover  such  a  wonderful  vista  of  geologic 
time.  A  visit  to  the  canyon  can  hardly  fail  to  arouse  interest  in  the  colos- 
sal scale  of  sheer  cliffs,  the  endless  intricacy  of  architectural  carving, 
and  the  brilliance  of  nature-painted  colors,  but  for  us  these  are  all  second- 
ary to  the  geologic  history  that  the  canyon  and  the  rocks  reveal. 

Significance  of  Physiographic  Characters 

Let  us  consider  first  the  history  of  making  the  Grand  Canyon.  Tl\e 
canyon  and  other  surface  features  belong  to  a  very  late  chapter  in  the 
history  of  the  region,  for  the  rock  strata  must  have  been  made  and 
the  plateau  character  of  the  country  must  have  been  attained  before  any 
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possibility  of  a  canyon  could  exist.  Study  of  recent  geologic  history  thus 
takes  account  of  physiographic  characters.  We  know  for  certain  that 
the  work  of  canyon  making  is  still  going  forward,  for  a  glance  at  the  cof- 
fee-colored, sediment-laden  river  indicates  that  a  tremendous  quantity 
of  rock  debris  is  constantly  being  carried  away.  A  single  storm  plucks 
boulders  and  great  quantities  of  smaller  rock  fragments  from  the  canyon 
walls  and  sweeps  them  down  the  gullies  and  side  canyons  to  the  river. 
Trails  are  washed  away.  The  aggregate  volume  of  material  moved  by  a 
hard  rain  is  enormous. 


Fi«.  11.  — Block  diagram  of  a  part  of  the  Grand  Canyon  district  showing  physiographic 
and  structural  features  to  the  canyon.  Note  in  the  upper  right-hand  part  of  the  drawing 
that  the  post-Kaibab  formations  which  make  the  Vermilion  Cliffs  are  parallel  to  the  Kaibab 
beds,  and  that  all  of  the  stratified  rocks  here  are  gently  folded  alike.  (R.  C.  Moore  U  S. 

(rcoL  Survey.} 

The  effectiveness  of  the  work  of  running  water  in  carving  the  rocks 
of  the  Grand  Canyon  and  in  transporting  the  derived  sediments  seaward 
cannot  be  questioned,  but  the  making  of  a  depression  10  to  15  miles  wide, 
a  mile  deep,  and  some  285  miles  long,  not  to  mention  the  tributary  can- 
yons, seems  an  incredible  task.  Given  sufficient  time,  however,  it  is 
evident  that  forces  now  at  work  could  have  accomplished  it.  If  the 
total  volume  of  rock  excavated  and  the  average  amount  of  material 
transported  annually  by  the  river  is  measured,  the  time  required  for  the 
formation  of  the  canyon  can  be  computed.  It  is  assumed,  in  this  case, 
that  conditions  of  rainfall  and  other  factors  have  remained  essentially 
the  same  as  now.  Such  computation  cannot  be  accurate,  but  it  gives 
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results  indicating  that  the  beginning  of  the  canyon  dates  back  more  than 
a  million  years.  Since  the  carving  of  the  canyon  is  a  very  recent  episode 
in  the  history  of  this  region,  we  begin  to  comprehend  the  immensity  of 
geologic  time. 

Examination  of  the  location  of  the  Colorado  River  canyons  with  refer- 
ence to  the  distribution  and  structure  of  the  various  rock  formations  of 
the  plateau  country  and  the  discovery  of  remnants  of  peneplains  at  high 
levels  in  several  places  lead  to  recognition  of  a  number  of  stages  in  the 
physiographic  history  of  this  region  that  antedate  the  beginning  of  the 
Grand  Canyon.  The  subject  is  too  involved  and  too  little  related  to 
objects  of  the  present  study  to  call  for  discussion  here,  but  it  is  important 
to  note  that  all  physiographic  features  have  some  historical  meaning. 
Accordingly,  the  record  of  recent  geologic  time  is  commonly  clear  and 
detailed.  The  land  surfaces  of  ancient  geologic  times  are  unfortunately 
obliterated  mostly,  and  historical  inferences  based  on  the  remaining  very 
fragmentary  physiographic  evidences  are,  therefore,  less  definite  and  less 
complete. 

Analysis  of  the  Rock  Record 

When  we  contemplate  the  rock  formations  in  the  Grand  Canyon 
region,  we  have  to  do  with  relatively  ancient  geologic  history.  One  of 
our  first  observations  is  that  almost  all  of  the  rocks  are  stratified.  There 
are  great  layers  of  hard  cliff-forming  rock  that  stretch  as  far  as  the  eye 
can  see.  Alternating  with  the  cliff-making  beds  are  softer  strata  that 
form  slopes  and  benches.  The  relative  thickness,  color,  and  topographic 
characteristics  of  the  outcrops  make  it  easily  possible  to  distinguish  and 
trace  the  different  hard  and  soft  groups  of  strata.  The  persistence  and 
general  uniformity  of  individual  parts  of  the  stratified  series  indicate 
that  the  conditions  of  making  each  of  them  must  have  been  very  similar 
throughout  a  large  territory.  There  are  innumerable  changes  in  the 
character  of  the  rocks  vertically  but  there  is  uniformity  horizontally. 
Let  us  begin  at  the  top  of  one  of  the  trails  that  descend  in  steep  zigzags 
from  the  canyon  rim  and  examine  more  closely  the  rocks  so  clearly  ex- 
posed to  view.  The  special  object  of  this  study,  it  should  be  recalled,  is 
the  making  of  observations  on  the  nature  of  historical  geologic  evidences 
and  the  manner  of  interpreting  them. 

Limestone  of  the  Canyon  Rim. — The  first  several  hundred  feet  of 
descent  into  the  canyon  take  us  down  across  thick  layers  of  resistant 
gray  or  creamy  limestone.  This  is  the  rock  that  caps  the  plateaus  for 
thousands  of  square  miles.  The  limy  character  of  the  formation,  its 
even  bedding,  and  general  uniformity  over  a  wide  area  indicate  that 
calcareous  sediments  were  deposited  in  a  large  body  of  standing  water. 
Conditions  were  essentially  uniform  for  a  time  sufficient  to  permit 
accumulation  of  some  hundreds  of  feet  of  calcareous  mud  which  later 
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solidified  to  make  the  rock.  Thai,  the  water  body  in  which  these  sedi- 
ments were  deposited  was  part  of  an  ancient  sea,  rather  than  an  inland 
lake,  is  proved  by  the  presence  of  numerous  remains  of  marine  organisms. 
These  consist  chiefly  of  the  well-preserved  shells  of  shallow-water  marine 
invertebrates.  General  absence  of  clayey  matter  in  the  limestone  leads 


FIG.  12. — Kaibab  limestone,  near  Hanre  Creek,  Grand  Canyon.  This  view  shows  well 
the  thick  layers,  some  harder  and  more  uniform  than  others.  Nodules  of  chert  may  be 
seen  in  the  topmost  beds  and  in  the  thick  bed  near  the  center  (arrow).  (/.  K.  Millers, 
U.  S.  Geol.  Survey.) 

to  the  conclusion  that  the  sea  was  fairly  clear.  Furthermore,  we  may 
infer  that  the  lands  bordering  the  sea  were  either  distant  from  the  point 
of  our  observation  or  that  they  were  so  low  and  perhaps  so  covered 
with  vegetation  that  the  streams  brought  no  large  quantity  of  land- 
derived  detritus  into  the  basin.  We  do  find  some  sandy  layers,  however, 
especially  in  the  lower  part  of  the  limestone,  which  indicates  that 
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somewhere  in  the  neighborhood  there  must  have  been  a  source  of  sand, 
The  sand  was  spread  by  waves  and  currents  over  the  sea  bottom.  The 
calcareous  substance  of  the  rock  was  deposited  by  the  action  of  organisms 
and  probably  also  by  chemical  precipitation  of  dissolved  calcium  car- 
bonate in  the  sea  water.  Parts  of  the  formation  contain  a  profusion  of 
chert  nodules,  which,  being  more  resistant  to  weathering  than  the  lime- 
stone, form  rough  projections  scattered  over  the  rock  surfaces  or  accumu- 
late as  a  loose  rubble  on  the  ground.  This  chert  represents  the  siliceous 
impurities  originally  deposited  with  the  calcium  carbonate  but  later 
segregated  by  chemical  action  in  concretionary  masses  in  the  rock. 
These  observations  enable  us  to  conclude  that  what  is  now  a  lofty  plateau 
was  formerly  below  sea  level  and  also  make  it  possible  for  us  to  determine 
some  of  the  conditions  that  existed  in  the  sea  in  which  the  limestone  was 
deposited. 

Stratigraphic  Divisions  and  Nomenclature. — The  limestone  strata 
that  we  have  just  considered  comprise  a  geologic  formation ,  that  is,  rock 
beds  having  similar  lithologic  characters,  fossils,  and  representing  essen- 
tially uninterrupted  deposition  of  materials  under  like  conditions.  Such 
an  assemblage  of  rock  layers  is  the  natural  unit  of  geologic  mapping. 
Accepted  practice  among  geologists  requires  that  each  geologic  formation 
shall  have  a  name  derived  from  a  locality,  and  this  becomes,  therefore, 
the  type  locality.  The  same  name  cannot  be  applied  properly  to  two 
formations  or  other  stratigraphic  units,  and  the  application  of  a  name  as 
first  published  has  priority. 

The  formation  that  makes  the  rim  of  the  Grand  Canyon  and  the  cap 
rock  of  much  of  the  surrounding  plateau  was  named  by  N.  H.  Dart  on,  of 
the  United  States  Geological  Survey,  who  selected  the  name  Kaibab 
limestone,  from  the  Kaibab  Plateau  on  the  north  side  of  the  Grand 
Canyon.  Clearly,  it  would  be  undesirable  and  confusing  to  apply  the 
name  Kaibab  to  some  other  division  of  strata.  If,  on  the  other  hand, 
different  names  are  employed  in  different  areas  for  what  later  proves  to  be 
one  and  the  same  formation,  then  the  first  designation  published  should 
replace  the  others.  In  early  geologic  writing  many  formations  were  given 
a  simple  descriptive  term,  such  as  Old  Red  sandstone,  First  Magnesian 
limestone,  and  Corniferous  (horn-bearing)  limestone.  Such  names 
are  now  replaced  by  geographic  terms,  such  as  Catskill,  Joachim,  and 
Onandaga. 

Occasionally  it  is  desirable  to  distinguish  one  or  more  parts  of  a  forma- 
tion, which  are  designated  as  memberSj  or,  if  rather  local  in  distribution, 
as  lentils.  A  member  may  have  special  economic  importance,  as  the 
Roberts  iron-ore  member  of  the  Rochester  formation;  it  may  be  promi- 
nently expressed  in  the  topography  and  thus  serve  as  an  aid  in  mapping; 
or  it  may  be  distinguished  by  special  paleontologic,  lithologic,  or  other 
characters. 
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Upper  Cliff-forming  Sandstone.— Beneath  the  Kaibab  limestone  is  a 
prominent,  light-colored  sandstone,  some  350  feet  thick,  that  is  called 
the  Coconino  sandstone.  Almost  everywhere  it  forms  sheer  cliffs. 
Examination  of  the  rock  shows  that  it"  is  fine-grained,  very  uniform  in 
character,  and  cross-bedded  on  a  huge  scale.  The  sand  grains  are  mostly 
well  rounded  and  some  of  them  show  frosted  surfaces.  The  inclination 
of  the  cross  bedding  is  fairly  uniform  in  amount  and  direction.  Evi- 
dently the  sand  was  deposited  by  agencies  that  shifted  the  sand  grains 
along  to  the  lee  side  of  slowly  advancing  bars  or  dunes,  as  is  indicated  by 
the  inclined  bedding.  Whether  the  sand  is  that  of  bars,  indicating  accu- 


J<u;.  l.'i.  C'oconino  sandstone,  Walnut  Crook,  near  Ha^stafT.  \ri/,.  This  formation 
is  distinguished  by  its  light  color  and  prominent  cross-bedding  f.V.  H.  Darton,  U.  ti. 
Geol.  Survci/.} 

mulation  under  water,  or  represents  an  ancient  desert  in  which  the  action 
of  the  winds  produced  great  dunes  and  removed  all  rock  materials  finer 
than  the  sand,  is  an  unsolved  problem.  General  uniformity  of  the  angle 
and  direction  of  slope  of  the  cross-beds  suggests  the  former  concept, 
whereas  the  degree  of  rounding  and  frosting  of  the  sand  grains,  their  size 
and  grading,  and  other  features  suggested  by  comparison  with  known 
eolian  deposits  favors  the  latter  interpretation.  Interesting  additional 
evidence  relative  to  the  origin  of  the  sandstone  has  recently  come  to 
light  in  the  discovery  at  many  places  in  the  Grand  Canyon  area  of 
sharply  impressed  fossil  footprints  on  inclined  bedding  planes  in  the  lower 
middle  part  of  the  formation.  These  prints  prove  the  existence  of  a 
variety  of  four-legged  creatures,  large  and  small,  whose  average  size  is 
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about  that  of  a  small  cat.  Strange  to  relate,  almost  every  one  of  the 
many  scores  of  trails  show  that  the  animals  were  climbing  up  the  steep 
sand  slopes,  but  not  down!  Furthermore,  observations  indicate  that 
sharply  defined  footprints  are  not  made  in  dry  sand  or  in  sand  under 
water  but  are  best  developed  in  moderately  moist  sand.  Rain  might 
supply  the  moisture,  but  the  very  smooth  bedding  planes  show  no  rain 
prints.  The  occurrence  of  tracks  on  numerous  succeeding  bedding  planes 
calls  for  rather  regularly  recurrent  wetting.  Hence,  for  the  present,  we 
are  left  in  doubt  as  to  the  conditions  under  which  the  tracks  were  made 


FIG.  14. — Fossil  tracks  on  a  hlab  of  Cocoriino  sandstone  from  the  Grand  Canyon. 
Note  the  "push-outs"  behind  each  footprint.  These  were  made  by  slipping  of  the  sand 
under  weight  of  the  animal  as  it  climbed  the  slope  of  the  inclined  bedding  plane.  (C.  W. 
Gilmore,  U.  8.  National  Museum,) 

and  in  regard  to  the  mode  of  origin  of  the  Coconino  sandstone.  By  no 
means  all  of  the  pages  in  the  geologic  record  are  as  yet  translated  clearly. 

Red  Beds. — The  formation  next  below  the  Coconino  sandstone  is  a 
very  soft,  dark-red  sandy  shale  containing  layers  of  shaly  sandstone.  It 
is  called  the  Hermit  shale.  The  average  thickness  of  this  formation  is 
about  350  feet.  In  marked  contrast  to  the  hard  rocks  that  occur  immedi- 
ately above  and  below  it,  the  shale  forms  rather  gentle  slopes.  In  parts 
of  the  canyon  where  erosion  of  this  weak  zone  has  caused  a  considerable 
retreat  of  the  cliffs  above,  a  wide  bench,  known  as  the  Esplanade,  is 
produced. 

At  the  very  top  of  the  red  shale,  we  find  evidence  in  several  places 
that  this  formation  must  have  been  exposed  to  weathering  and  probably 
some  erosion  before  the  deposition  of  the  overlying  sands  began.  This 
is  shown  by  a  peculiar  discoloration  and  other  changes  in  lithologic  char- 
acter of  the  uppermost  Hermit  beds,  and  especially  by  the  occurrence  in 
the  shale  of  cracks  filled  with  Coconino  sand.  In  some  cases  these  cracks 
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are  a  foot  or  more  in  width  and  they  reach  downward  several  feet  into 
the  shale.  Possibly  the  variations  in  thickness  of  the  red  shale  in  dif- 
ferent parts  of  the  canyon  area  are  partly  due  to  erosion  that  preceded 
deposition  of  the  Coconino  formation.  Certainly  there  is  evidence  of  a 
great  change  between  conditions  recorded  by  the  horizontally  stratified 
red  beds  and  those  indicated  by  the  overlying  light-colored,  cross-bedded 
sandstone.  There  is  evidence,  further,  of  an  indefinitely  long  time  that  is 
not  represented  by  deposition  of  sediments.  This  record  of  the  break 
in  the  succession  of  beds  is  a  disconformity. 

The  deep-red  color  of  the  Hermit  beds  is  due  to  thoroughly  oxidized 
iron  disseminated  through  them.     Iron  is  a  common  constituent  of  rocks, 
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Fio.   15. — Fossil  land  plants  from  the  Hermit  shale.     They  are  not  very  well  preserved 
but  are  clearly  recognizable  as  plant  remains.     (David  White,  U.  S.  Geol.  Survey.) 

and  the  oxidation  of  iron  to  this  red  form  is  a  typical  result  of  weathering 
under  conditions  that  promote  chemical  decay.  Thorough  oxidation  of 
the  iron  in  rocks  is  commonly  found  in  moist  tropical  climates,  in  temper- 
ate climates  where  there  is  frequent  alternate  wetting  and  drying,  and 
under  certain  conditions  in  arid  climates,  lied  sediments  may  possibly 
be  derived  also  from  the  erosion  of  previously  formed  red  deposits. 

The  rather  even  horizontal  bedding  of  the  shale  shows  that  the  sedi- 
ments were  spread  out  either  under  water  in  a  broad  shallow  basin,  or 
else  by  sluggish  streams  on  a  very  wide,  flat  plain.  Layers  showing  mud 
cracks,  the  presence  of  land  plants,  footprints  of  vertebrates,  and  the 
absence  of  marine  fossils  point  to  fluviatile  deposition.  The  sediments 
were  exposed  above  water  at  various  times,  and  conditions  were  appar- 
ently favorable  to  thorough  oxidation.  All  factors  being  taken  into 
account,  it  seems  likely  that  these  beds  represent  stream-made  deposits, 
formed  in  a  temperate,  moderately  dry  climate. 
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The  lower  boundary  of  the  Hermit,  formation  is  locally  very  uneven,  ns 
is  evidenced  by  the  sand-  and  shale-filled  hollows,  40  feet  or  more  in  depth, 
that  cut  downward  into  the  underlying  strata.  These  depressions  were 
carved  by  erosion  before  the  beginning  of  sedimentation  during  Hermit 
time  and  therefore  afford  proof  of  another  break  in  the  stratigraphic 
record.  Not  only  is  there  an  interval  of  geologic  time  of  undetermined 
magnitude  during  which  no  sedimentary  record  was  made  in  this  region, 
but  also  there  is  evidence  of  the  removal  of  an  unknown  thickness  of  the 
pre-Hermit  rocks.  Such  a  disconformity  represents,  therefore,  a  "lost 
interval"  in  the  history  of  the  area. 

The  formation  next  below  the  Hermit  shale  is  called  Supai.  It  con- 
sists of  thick-bedded,  reddish  to  yellowish  sandstone  and  interbedded 
sandy  shale  and,  in  the  lower  part,  some  impure  limestone.  The  thick- 
ness of  the  formation  is  nearly  1,000  feet.  The  sandstones  are  com- 
monly cross-bedded,  showing  the  existence  of  fairly  strong  currents  that 


FICJ    16. — Fossil  wing  of  a  dragon  fly   (Typus)   found  associated  with  the  Hermit  shale 
plants.      (Dm  i<1  White,  U.  S.  Geol.  Surrey.) 

influenced  deposition.  Fossils  and  the  general  nature  of  the  deposits 
indicate  land  origin,  as  in  the  case  of  the  overlying  red  beds,  but  the 
limestone  in  the  lower  part  (which  should  properly  be  separated  as 
another  formation)  is  of  marine  origin.  A  disconformity  occurs  at  the 
base  of  the  Supai  formation. 

Horizontal  Strata  of  the  Lower  Canyon  Walls. — Proceeding  still 
farther  downward  we  reach  lower  and  therefore  older  beds.  First 
there  is  a  thick,  extremely  massive  blue-gray  limestone  which  forms  the 
most  imposing  sheer  cliffs  in  the  canyon.  This  formation,  known  as 
the  Redwall,  is  stained  red  by  wash  from  the  overlying  red  beds.  The 
limestone  is  pure  and  very  uniform  in  character  and  contains  fossil 
remains  of  marine  organisms.  Its  thickness  of  500  to  700  feet  shows 
that  the  sea  in  which  it  was  deposited  covered  the  region  a  long  time. 

Below  the  Redwall  limestone  is  about  1,000  feet  of  other  horizontally 
bedded  strata,  the  Tonto  beds,  which  consist  of  thin-bedded  limestone 
(Muav)  above,  shale  and  thin  sandstone  (Bright  Angel)  in  the  middle, 
and  massive  coarse  sandstone  (Tapeats)  at  the  base.  All  of  these  rocks 
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are  of  marine  origin,  the  different  kinds  of  sediment  signifying  changing 
conditions  in  the  sea  of  this  epoch. 

The  bedding  of  the  Redwall  and  Tonto  strata  is  parallel  and  the 
contact  between  them  is  so  even  in  most  places  that  one  would  not 
suspect  the  existence  of  evidence  pointing  to  a  prolonged  interruption  of 
sedimentation  following  the  deposition  of  the  Tonto  strata.  Examina- 
tion of  fossils  shows  that  those  of  the  younger  beds  are  very  unlike  those 
of  the  older,  but  the  significance  of  this  observation  is  not  clear  from 
study  of  the  Grand  Canyon  region  alone.  Exposures  in  some  parts  of 


FIG.  17. — A  channel-like  depression  in  Muav  limestone  filled  by  Temple  Buttc  beds 
and  overlaid  by  the  Redwall  limestone.  The  Redwall  rests  directly  on  the  Muav  formation 
in  most  places.  Marble  Gorge  of  Grand  Canyon.  (/?.  C.  M^oorc,  U.  S.  Geol.  Survey.) 

the  canyon  show  a  lenticular  formation  (Temple  Butte)  which  fills 
valleys  that  cut  downward  at  least  100  feet  into  the  upper  Tonto  beds. 
Evidently,  then,  there  is  a  disconformity  between  the  Redwall  and  the 
Tonto  formations,  and  locally  there  are  deposits  of  intermediate  age. 

Rocks  in  the  Bottom  of  the  Canyon. — The  rocks  exposed  in  the  bottom 
part  of  the  Grand  Canyon  for  many  miles  may  be  sharply  differentiated 
from  the  nearly  horizontal  stratified  formations  thus  far  considered.  In 
certain  places  the  canyon  bottom  consists  of  regularly  stratified  rocks, 
but,  unlike  those  of  the  upper  canyon  walls,  the  beds  in  the  lower  series 
are  strongly  and  rather  evenly  inclined.  Interbedded  with  sandstone, 
shale,  and  limestone,  there  are  igneous  sheets  of  dark-colored  intrusive 
and  extrusive  rocks.  The  tilted  strata  are  truncated  at  the  top  by  a 
plane  of  erosion  which  is  nearly  horizontal,  and  on  this  surface  the  oldest 
of  the  Tonto  bods  an*  laid.  Where  tho  tilted  strain  aro  absonl,  tho 
Tonto  rocks  rost  on  ^ranito,  schist,  or  othor  crystalline  rocks.  Tho  con- 
tact botwoou  the  Tonto  and  these  various  types  of  underlying  rocks  is 
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very  sharp  and  mostly  very  even,  which  shows  that  the  pre-Tonto  erosion, 
of  unknown  duration,  reduced  the  country  to  a  featureless  peneplain. 
The  discordance  in  geologic  structure  furnishes  basis  for  designating 
this  break  in  the  sequence  of  the  rocks  as  an  unconformity  of  major 
importance,  which  is  in  contrast  to  the  disconfonnities  at  higher  levels, 
where  strata  in  contact  at  the  erosion  surface  lie  parallel. 

Algonkian  Rocks. — We  may  first  consider  the  tilted  stratified  rocks, 
which  are  called  Algonkian.     The  total  thickness  of  these  rocks  is  not 


FIG.  ISA. — North  wall  of  the  Grand  fanxon  in  a  part  of  the  Shinumo  quadrangle. 
This  view  shows  remarkably  the  unconformity  at  the  base  of  the  Tapeats  sandstone,  the 
discordance  in  structural  attitude  of  the  beds  above  and  below  this  unconformity,  and  the 
presence  of  a  fault  that  dislocates  the  rocks  below  the  unconformity  but  not  those  above  it. 

known,  but  at  least  12,000  feet  of  beds  are  exposed  locally.  The  Algon- 
kian strata  are  obviously  older  than  the  Tonto  beds,  as  shown  by  their 
position  beneath  the  Tonto.  In  addition,  it  is  apparent  that  the  tilting 
of  the  Algonkian  rocks  (accompanied  or  followed  by  considerable  fault- 
ing), and  the  truncation  of  this  great  thickness  of  strata  by  erosion,  took 
place  after  the  close  of  Algonkian  sedimentation  and  volcanic  activity, 
and  before  the  beginning  of  Tonto  deposit  ion.  The  pre-Tonto  age  of  the 
igneous  intrusions  and  of  (he  faults  is  shown  by  the  fact  that  neither 
the  intrusions  nor  the  faults  extend  above  the  plane  of  unconformity. 
The  Algonkian  rocks  were  originally  very  much  more  extensive  than  now, 
for  all  but  a  few  remnants  were  carried  away  by  the  pre-Tonto  erosion. 
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This  erosion  cut  deeply  into  the  granitic  and  associated  crystalline  rocks 
that  underlie  the  Algonkian,  as  shown  by  the  portions  of  the  uncon- 
formity at  the  base  of  the  Tonto  that  intersect  pre-Algonkian  granites, 
schists,  and  metamorphosed  sediments  in  much  of'the  canyon. 

Archean  Rocks. — The  most  ancient  rocks  exposed  in  the  Grand 
Canyon  consist  of  metamorphic  and  coarse-grained  igneous  rocks  of 
various  sorts,  chiefly  granite.  Because  of  similarity  to  the  complex 
oldest  known  rocks  of  other  regions  which  are  termed  Archean  (begin- 


FIG.  18B.  Continuation  of  the  view  shown  in  Fig.  ISA.  The  diabase  sill  in  the  lower 
part  of  the  photograph  is  traceable  tor  many  miles.  (N.  W.  Carkhuff,  U.  S.  Geol.  Survey.) 

ning),  the  crystallines  of  the  canyon  are  grouped  under  this  name.  These 
rocks  are  resistant  to  erosion  and  accordingly  form  a  narrow,  steep-sided, 
V-shaped  gorge  which  in  places  is  1,500  feet  deep.  Although  granite  is 
by  no  means  the  only  kind  of  rock  in  this  gorge,  nor  in  some  sections  even 
a  very  prominent  kind,  the  name  Granite  Gorge  is  commonly  employed. 
The  igneous  rocks  are  intrusive  in  schist,  gneiss,  or  other  igneous  or 
metamorphic  rocks.  The  intrusive  masses  are  necessarily  younger 
than  the  rocks  that  they  intersect.  The  thoroughly  crystalline  nature 
and  prominent  cleavage  of  the  metamorphic  rocks  show  evidence  of 
profound  compression  and  heat  which  have  all  but  obliterated  the  original 
characters  of  the  rocks. 

That  the  Granite  (Jorge  rooks  belong  to  a  \ery  much  older  category 
than  the  tilled,    bill    otherwise   little-altered,  sedimentary  rocks  of  the 
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Algonkian  above  them  is  evident  from  the  fact  that  none  of  the  granitic 
rocks  intrude  the  Algonkian  or  higher  strata,  and  from  the  absence  of 
any  significant  effects  of  metamorphic  change  in  the  latter.  The  crys- 
talline rocks  have  characters  that  indicate  a  former  position  deep  within 
the  earth  crust.  Eventually  they  were  exposed  at  the  surface  by  erosion 
of  overlying  materials.  The  unconformity  at  the  base  of  the  Algonkian 
rocks  furnishes  record  of  part  of  this  profound  erosion.  The  hard  Archean 
rocks  are  smoothly  beveled;  and  at  the  time  when  the  erosion  surface 
was  formed,  it  must  have  been  nearly  horizontal.  The  bedding  planes 
of  the  Algonkian  rocks  were  also  originally  horizontal,  or  nearly  so,  and 
the  fact  that  the  plane  of  unconformity  at  the  base  of  the  Algonkian  is 
parallel  to  the  stratification  of  the  overlying  strata  proves  that  the 
erosion  plane  was  approximately  horizontal  during  Algonkian  sedimen- 
tation. The  plane  of  unconformity  has  subsequently  been  tilted  in  the 
same  manner  and  to  the  same  angle  as  that  of  the  overlying  strata.  It 
is  evident,  furthermore,  that  in  places  where  all  of  the  Algonkian  has  been 
eroded,  and  the  plane  of  unconformity  at  its  base  has  been  obliterated, 
there  is  little  indication  of  the  true  magnitude  of  the  erosion  record  at  the 
base  of  the  next  succeeding  (Tonto)  beds. 

Historical  Inferences, — Before  leaving  our  study  of  the  canyon  it  is 
desirable  to  summarize  some  of  the  inferences  concerning  geologic  history 
that  have  been  made  and  to  extend  our  analysis  of  certain  observations. 

Significance  of  the  Order  of  Si^ecession^Stratg^ — In  the  first  place,  the 
order~  oflmccession  or  superposition  of  the  strata  in  the  canyon  walls 
certainly  indicates  the  order  of  their  geologic  age,  the  oldest  at  the  bottom 
and  the  youngest  at  the  top,  for  the  layers  are  practically  horizontal. 
They  have  been  elevated  vertically  some  thousands  of  feet,  gently  warped, 
and  locally  they  have  been  broken  by  faults  or  steeply  tilted  in  folds,  but 
the  evidence  of  their  relative  age  is  definite  and  conclusive.  The  order 
of  changing  conditions  and  events  and  the  sequence  of  ancient  types  of 
plant  and  animal  life  on  the  earth  are  determined  by  the  order  of  succes- 
sion of  rock  strata.  This  is  a  simple  but  basic  observation  in  the  study 
of  earth  history. 

Sigfrf^  Characters  oJJ&ocks. — Next,  it  is  important 

to  know  the  significance  of  the  different  kinds  of  sediment  and  of  the 
various  physical  characters  connected  with  them.  Proper  interpretation 
of  these  things  plus  determination  of  their  order  in  time  give  almost  all  of 
the  items  in  the  geologic  history  of  one  region.  If  the  Grand  Canyon 
district  were  the  only  land  area  in  the  world,  its  geologic  history  would 
be  only  very  incompletely  known,  even  though  we  recognize  the  presence 
of  disconformities  and  understand  that  they  denote  gaps  in  the  record. 
It  would  be  impossible  to  determine  how  great  the  gaps  are,  except  very 
roughly,  perhaps,  by  the  extent  of  change  in  the  nature  of  organisms  found 
in  the  different  beds.  There  would  be  no  satisfactory  basis  for  evaluating 
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the  time  significance  of  this  change.  Bui  the  Grand  Canyon  district  is 
riot  the  only  place  where  rock  formations  are  accessible  for  study.  Com- 
parison of  this  region  with  others  near-by  and  at  a  distance  is  important, 
because  knowledge  is  added  concerning  the  extent  and  the  uniformity 
or  variability  of  the  different  formations.  Such  comparison  indicates, 
for  example,  the  distribution  of  the  sea  at  a  given  time  and  locates  the 
district  we  are  specially  studying  in  its  proper  geographic  setting.  Still 
more  important  is  the  discovery  that  there  are  thick  formations  in  some 
regions  that  are  absent  altogether  in  the  Grand  Canyon  area,  the  deposits 
in  the  other  regions  corresponding  to  erosion  intervals  (disconformities 
and  nonconformities)  in  the  Grand  Canyon  section. 

Significance  of  t}^Remajms _g[JLi£e.—The  character  of  plant  and 
animaHiTelTiat  may  be  preserved  in  rock  strata  is  obviously  important  in 


Fio.  10. — Sketch  showing  north-south  trending  faults  that  affect  part  of  the  Grand  Canyon 
district.      (/?.  C.  Moore,  U.  S.  Geol.  Survey.) 

considering  the  mode  of  origin  of  sedimentary  formations  and  in  making 
other  historical  inferences.  It  is  commonly  possible  not  only  to  dis- 
tinguish marine  and  nonmarine  deposits  by  this  means  but  to  determine 
the  particular  environment  in  the  sea  or  on  the  land  that  is  represented 
by  the  fossils.  Indeed,  without  the  evidence  afforded  by  remains  of  life 
entombed  in  the  rocks  it  would  be  impossible  to  decipher  much  of  the 
geologic  record. 

Significance  of  Structural  Features. — The  tilted  and  faulted  attitude 
of  tfie~Algontian  rocks  in  the  bottom  portion  of  the  canyon  serves  to 
identify  an  important  crustal  disturbance  that  followed  the  deposition 
of  these  rocks  and  preceded  the  time  of  making  the  Tonto  strata.  The 
date  of  an  earth  movement  can  be  established  as  subsequent  td^the  age 
of  the  youngest  deformed  beds,  and  earlier  than  the. oldest  succeeding 
undisturbed  beds. 

Correlation  ofFormations. — TJie  comparison  of  the  sequence  of  for- 
mations (geologic  sectioSyi^one  area  with  that  in  another  involves  the 
problem  of  correlation.  Equivalence  of  certain  formations  in  adjacent 
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areas  may  be  established  by  their  continuity;  they  can  be  followed  or 
mapped  across  intervening  territory.  The  Kaibab  limestone  can  be  thus 
traced  for  hundreds  of  miles  in -certain  directions,  with  almost  continuous 
exposures.  Where  the  rocks  cannot  be  followed  in  this  way,  similarity 
of  lithology  and  like  sequence  of  formations  may  be  especially  helpful  in 
determining  equivalent  beds.  One  of  the  most  important  kinds  of 
evidence  in  the  correlation  of  sedimentary  formations  is  the  comparison 
of  organic  remains  that  are  preserved  as  fossils  in  the  rocks,  for  experience 
shows  that  the  kinds  of  fossils  in  each  bed  or  group  of  beds  constituting  a 
formation  are  characteristic  of  that  bed  or  formation  and  are  distinguish- 
able from  the  fossils  of  strata  at  higher  or  lower  levels.  By  these  means, 
reliable  correlation  of  beds  in  near-by  areas  may  be  established.  In 
regions  that  are  distant  from  one  another,  conditions  may  be  unlike. 
Accordingly,  there  may  be  no  similarity  in  the  nature  of  the  deposits,  but 
comparison  may  yet  be  made  on  the  basis  of  the  fossils.  If  there  was 
opportunity  for  intermigration  of  organisms  from  one  place  to  tho  other, 
identical  species  may  occur  in  each,  notwithstanding  intervening  distance. 
If  there  was  no  such  opportunity  for  intermigration,  the  correlations  are 
more  difficult  and  less  precise,  but  general  relations  are,  nevertheless, 
determinable  by  comparison  of  the  fossils  and  in  other  ways. 

In  applying  these  considerations  to  the  Grand  Canyon  geologic 
section,  attention  may  be  directed  again  to  the  "lost  interval"  (hiatus) 
between  the  Tonto  and  Red  wall  beds.  The  magnitude  of  this  break 
in  the  record  is  indicated  by  the  discovery  that  in  certain  other  regions 
rocks  equivalent  to  these  formations  are  separated  by  deposits  totaling 
many  thousands  of  feet  and  representing  at  least  three  major  divisions 
of  the  geologic  time  scale.  The  Tonto  formations  are  thus  very  much 
older  than  the  Redwall  limestone  and  overlying  beds.  The  parallel 
attitude  of  the  bedding  planes  in  the  Redwall  and  Tonto  formations 
indicates  that  there  was  no  warping  or  folding  of  the  older  rocks  preceding 
deposition  of  the  younger.  The  even  nature  of  the  contact  between  these 
formations  seems  to  show  that  this  region  was  only  slightly  elevated 
above  sea  level  during  the  long  interval  of  nomleposition  that  followed 
Tonto  time. 

The  Geologic  Column. — The  succession  of  rock  formations  that  is 
revealed  in  the  walls  of  the  Grand  Canyon  represents  part  of  the  so-called 
geologic  column,  which  consists  of  the  major  and  minor  divisions  of  rocks 
of  the  earth's  crust,  arranged  according  to  age.  The  column  is  con- 
structed1* by  piecing  together  the  geologic  record  of  many  regions  that 
partly  duplicate  and  partly  supplement  one  another.  Thus  is  developed 
a  general  geologic  time  scale,  as  described  in  the  following  chapter.  It 
may  be  noted  here  that  the  Grand  Canyon  formations  belong  to  the 
Archeozoic,  Proterozoic,  and  Paleozoic  eras  of  the  general  time  scale,  and 
the  rocks  of  the  last-named  include  the  Tonto  beds  (Cambrian),  Temple 
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Butte  limestone  (Devonian),  Redwall  limestone  (Mississippian),  Supai 
formation  (Pennsylvanian  and  Permian),  Hermit  shale,  Coconino  sand- 
stone, and  Kaibab  limestone  (Permian). 

Regional  and  Special  Considerations 

We  have  now  examined  the  nature  of  the  historical  testimony  that  is 
furnished  by  physiographic  and  geologic  characters  of  the  Grand  Canyon, 
or,  rather,  of  a  part  of  the  canyon  that  is  most  readily  accessible  to  the 
tourist  visitor.  Before  terminating  this  study,  it  is  desirable  to  extend 
our  observations  to  include  certain  features  of  the  surrounding  territory. 

Post-Kaibab  Formations. — Along  the  northern  and  eastern  borders  of 
the  Grand  Canyon  plateaus  is  a  thick  succession  of  rock  strata  that  overlie 
the  Kaibab  limestone.  These  younger  rocks  consist  mainly  of  shale  and 
sandstone  and  are  classed  as  Mesozoic  and  Cenozoic.  It  is  unnecessary 
to  describe  them  here,  but  it  may  be  said  that  the  geologic  history  of  this 
region  involves  the  deposition  of  at  least  7,000  feet  of  beds  that  have  been 
stripped  from  the  Kaibab-capped  plateaus.  A  few  scattered  remnants 
of  the  post-Kaibab  formations,  such  as  those  in  Cedar  Mountain,  partly 
show  the  former  great  extent  of  these  younger  rocks. 

The  GrandL  Canyon  Ugwarp* — Considered  as  a  whole,  the  rocks  of  the 
Grand  Canyon  region  are  not  horizontal.  They  have  been  pushed 
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Fio.  20. — Diagrammatic  cross-section  of  rocks  at  the  south  edge  of  Aquarius  Plateau, 
southern  Utah.  The  folding  of  the  pre-Wasateh  beds  occurred  subsequent  to  deposition 
of  the  late  Montana  (Kaiparowits)  strata,  which  is  very  long  after  deposition  of  the 
Permian  limestone  (Kaibab).  (R.  C.  Moore,  U.  S.  G'col.  Survey.) 

upward  unevenly,  so  that  the  elevation  of  the  top  of  the  Kaibab  limestone 
is  several  thousands  of  feet  higher  in  some  places  than  in  others.  The 
structure  is  broadly  dome-shaped,  but  the  shape  of  the  dome  is  asymmet- 
rical and  irregular.  The  rocks  dip  steeply  eastward  along  the  east  margin 
of  the  Kaibab  Plateau,  forming  what  is  known  as  the  East  Kaibab  fold. 
North-south  trending  faults  with  the  upthrow  on  the  east  intersect  the 
country  west  of  the  Kaibab  Plateau.  Question  should  be  raised  as  to  the 
geologic  date  of  the  folding  and  faulting,  and  it  is  important  to  learn 
the  methods  of  answering  this  query.  We  must  bear  in  mind  that  the 
present  structural  conditions  are  not  necessarily  the  result  of  deformation 
at  any  one  time;  in  fact,  it  is  more  than  likely  that  different  movements 
have  affected  the  region  at  different  times. 

Let  us  consider  first  the  strongly  tilted  attitude  of  the  rocks  in  the 
East  Kaibab  fold.     The  beds  are  all  tilted  alike  and  the  youngest  forma- 
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tion  that  is  involved  in  the  folding,  as  seen  in  the  Grand  Canyon  district, 
is  the  Kaibab  limestone.  Evidently  the  time  of  the  folding  is  post- 
Kaibab,  but  we  are  unable  to  determine  from  study  here  whether  the 
deformation  occurred  shortly  after  Kaibab  time  or  very  much  later.  If 
we  follow  the  East  Kaibab  fold  northward,  however,  it  is  found  that  the 
Mesozoic  beds,  which  overlie  the  Kaibab  limestone  with  parallel  bedding, 
are  also  involved  in  the  folding.  This  shows  that  the  time  of  folding 
was  subsequent  to  the  making  of  these  younger  formations.  Since  the 
thickness  of  the  folded  post-Kaibab  beds  is  approximately  6,000  feet, 
the  date  of  the  deformation  belongs  very  long  after  the  deposition  of  the 
Kaibab  limestone.  The  age  of  the  youngest  strata  (Kaiparowits)  that 
are  involved  in  the  folding  can  be  ascertained  by  study  of  the  fossils  that 


FIG.  21. — Lava  flows  from  vents  on  the  Grand  Canyon  plateau  invade  the  western  part 
of  the  canyon.     (/?.  C.  Moore,  U.  S.  GeoL  Survey.} 

occur  in  them.  At  the  border  of  the  High  Plateaus  in  southern  Utah,  on 
one  part  of  which  Bryce  Canyon  is  located,  the  tilted  Kaiparowits  and 
older  formations  are  seen  to  be  beveled  by  erosion  and  overlain  uncon- 
formably  by  the  capping  formation  (Wasatch)  of  the  plateaus.  The 
latter  beds  (of  Cenozoic  age)  are  unfolded  and  are  younger  than  the  time 
of  deformation  represented  by  the  East  Kaibab  fold.  This  serves  to 
determine  fairly  closely  the  time  of  disturbance  that  we  are  considering. 
It  is  probable  that  much  of  the  removal  of  the  post-Kaibab  strata  from 
the  vicinity  of  the  Grand  Canyon  was  accomplished  at  the  time  of  erosion 
indicated  by  the  beveling  of  formations  at  the  plane  of  unconformity 
beneath  the  Wasatch  formation. 

Studied  in  a  similar  manner,  it  is  found  that  the  north-south  faults  of 
the  Grand  Canyon  district  affect  not  only  the  Kaibab  and  associated 
rocks  but  dislocate  the  Wasatch  and  still  younger  formations.  The  faults 
are  therefore  younger  than  the  folding. 

Volcanic  Activity. — Several  volcanic  vents  are  located  on  the  western 
part  of  the  Grand  Canyon  plateaus  not  far  from  the  canyon  rim.  The 
lava  from  some  of  these  flowed  over  the  edge  of  the  canyon,  down  its 
walls,  and  theiice  for  manv  miles  alone  the  can  von  bottom.  Numerous 
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remnants  of  the  congealed  lava  are  found.  That  the  invasion  of  the 
canyon  by  the  lava  flows  is  a  very  recent  geologic  event  is  shown  by 
the  little-altered  appearance  of  the  surface  of  parts  of  the  flows,  and  by  the 
occurrence  of  this  igneous  rock  at  the  bottom  of  the  canyon.  The  latter 
fact  proves  that  the  canyon  had  been  cut  to  its  present  depth  at  the  time 
of  this  volcanic  activity. 

Eruptive  igneous  rocks  that  are  many  hundreds  of  feet  thick  occur 
on  the  southern  Utah  plateaus.  The  approximate  age  of  these  can  be 
determined  by  the  observation  that  they  rest  on  the  Wasatch  beds,  that 
they  are  broken  by  the  north-south  faults,  already  mentioned,  and  that 
deep  canyons  have  been  carved  in  them.  The  volcanic  activity  repre- 
sented by  these  rocks  is  older  than  that  described  near  the  Grand  Canyon 
rim,  but  the  absence  of  fossil-bearing  sediments  above  the  volcanic  rocks 
in  southern  Utah  leaves  unsettled  the  question  as  to  how  much  older. 

SUMMARY 

The  description  of  the  Grand  Canyon  formations  and  analysis  of  some 
of  their  historical  implications  serve  to  illustrate  the  essential  methods  of 
approach  to  study  of  the  geologic  record  in  all  accessible  parts  of  the  earth. 
The  composition,  texture,  bedding,  degree  of  uniformity,  and  geographic 
extent  of  rock  formations  are  all  significant  as  to  conditions  of  origin,  but 
evidence  of  the  fossil  remains  of  life  is  especially  important  and  neces- 
sary. The  order  of  superposition  of  deposits  is  the  essential  basis  of 
geologic  chronology.  The  order  of  succession  of  rock  strata  indicates 
the  order  of  succession  of  organisms,  and  this  gives  fundamental  knowl- 
edge that  may  be  used  in  correlating  different  sedimentary  deposits. 
Nonconformities  and  disconformities  denote  gaps  in  the  geologic  record, 
but  the  time  represented  by  these  gaps  may  be  recorded  partly  or  com- 
pletely elsewhere  by  sedimentary  deposits.  Thus,  earth  history  as  a 
whole  is  built  up  by  patch'ing  together  the  fragmentary  records  of  innu- 
merable geologic  sections.  Disturbances  that  modify  the  earth  crust  may 
be  dated  by  determination  of  the  youngest  formations  affected  by  the 
movement,  on  the  one  hand,  and  of  the  oldest  succeeding'formations  that 
are  unaffected  by  the  movement,  on  the  other.  Strata  that  are  deformed 
are  older  than  the  time  of  deformation,  whereas  strata  of  the  same  region 
that  are  undisturbed  are  presumably  younger  than  the  time  of  deforma- 
tion. Relations  of  igneous  activity  may  be  ascertained  somewhat  simi- 
larly, but  in  general  less  exactly. 


CHAPTER  V 
GEOLOGIC  TIME  AND  ITS  DIVISIONS 

How  old  is  the  earth?  What  is  geologic  time  and  how  does  it  differ 
from  ordinary  time  as  expressed  in  years  or  centuries?  Is  geologic  time 
accurately  measurable?  Can  it  be  divided  into  unit  parts  and,  if  so, 
what  are  these  and  how  are  they  differentiated? 

The  first  of  these  questions  engaged  the  attention  ofjincienl  thinkers 
among  Chaldeans^  Egyptians^  Greeks,  and  Romans.  It  interested  a  few 
oTthe  none  too  numerous  men  of  learning  in  the  Middle  Ages  and  very 
early  modern  times.  In  1650,  Bishop  Ussher  of  Ireland  gave  out  a 
chronology  of  Biblical  events  in  which  the  beginning  of  the  world  was 
assigned  to  the  year  4004  B.C.  The  sanction  of  churchmen  and  the 
inclusion  of  this  chronology  in  various  publications  of  the  Scriptures  led 
to  wide  acceptance  in  the  eighteenth  and  early  nineteenth  centuries  of 
Ussher 's  dictum  as  to  the  age  of  the  earth.  And  the  absurdity  is  not 
completely  buried  even  at  the  present  day ! 

Evidence  derived  from  the  earth  itself  was  rightly  interpreted  by  some 
of  the  ancient  writers  as  indicating  that  the  age  of  our  planet  is  numbered 
in  very  many  thousands  of  years.  The  beginning  of  geology  as  a  science, 
which  may  be  placed  at  less  than  200  years  ago,  led  gradually  to  rational 
attempts  to  measure  geologic  time  and  to  determine  its  major  divisions. 
It  has  become  apparent  that  the  age  of  the  earth  and  also  the  duration 
of  some  of  the  natural  divisions  of  geologic  time  are  numbered  in  very 
many  millions  of  years.  These  subjects  are  properly  introduced  at  this 
point  in  our  study  of  earth  history. 

MEASUREMENT  OF  GEOLOGIC  TIME 

Geologic  time  may  possibly  be  measured  by  observation  of  the  results 
of  some  process  that  has  operated  steadily  upon  or  within  the  earth.  The 
hourglass  is  a  comparable  means  of  measuring  time,  for  the  rUte  of  fall 
of  sand  grains  through  the  tiny  apert  ure  of  the  glass  is  constant  and  the 
amount  of  fallen  sand  at  a  given  instant  is  directly  proportional  to  the 
lapse  of  time  since  the  measurement  was  begun.  So,  if  accumulation  of 
sand  and  other  sediments  by  natural  agencies  to  form  stratified  rock  takes 
place  at  a  certain  constant  rate,  and  if  the  total  amount  of  sedimentary 
rocks  and  the  rate  of  deposition  are  known,  the  time  represented  by  the 
making  of  the  rocks  may  be  computed.  Determinations  of  the  age  of 
the  earth  on  the  basis  of  the  thickness  of  stratified  rocks  have  been  under- 
taken, but  they  are  not  very  reliable.  The  conclusions  are  uncertain 
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because  the  rates  of  sedimentation  differ  greatly  for  different  kinds  of 
sediments,  because  these  rates  are  not  exactly  known,  and  because  they 
are  evidently  not  constant  even  for  rocks  of  the  same  composition.  Also, 
measurements  of  the  total  thickness  of  sedimentary  rocks  are  inaccurate, 
and  no  satisfactory  account  can  be  taken  of  the  time  represented  by  inter- 
ruptions of  sedimentation  (disconformities  and  nonconformities).  It  is  of 
interest,  nevertheless,  that  even  this  crude  and  incomplete  means 
of  measuring  geologic  time  indicates  that  the  earth  is  scores  of  millions  of 
years  old. 

&  Measurement  Based  on  Salt  in  the  Sea. — Large  quantities  of  mineral 
substances  are  carried  in  solution  to  tHe  sea.  Some  of  these  are  precipi- 
tated but  others,  such  as  common  salt,  remain  mostly  in  solution  and 
accumulate  in  the  ocean.  Accordingly,  if  the  rate  of  addition  of  salt  to 
the  sea  is  measured,  if  it  is  constant,  and  if  the  total  amount  of  oceanic 
salt  is  determined,  we  can  compute  the  time  required  to  supply  the  salt. 
Investigations  along  this  line  give  a  figure  amounting  to  about  one  hundred 
million  years.  But  here  again  there  are  uncertainties  and  inaccuracies. 
The  rate  of  addition  of  salt  to  the  sea  has  certainly  changed  greatly  during 
geologic  time,  depending  on  the  size  and  elevation  of  the  continents,  on 
fluctuations  of  volcanic  activity  which  brings  chlorine  and  water  vapor 
to  the  atmosphere,  and  on  other  conditions.  Enormous  quantities  of 
salt  have  been  precipitated  from  sea  water  to  form  salt  beds.  Altogether, 
this  method  of  measuring  the  age  of  the  oceans  is  only  very  approximate, 
and  it  must  be  noted  that  the  age  of  the  oceans  is  not  equivalent  to  the 
age  of  the  earth  as  a  whole. 

Measurement  Based  on  Radioactive  Disintegratioii/^In  recent  years 
it  has  been  learned  that  certain  elements  of  complex  atomic  structure, 
such  as  uranium  and  thorium,  are  constantly  undergoing  a  spontaneous 
disintegration  which  produces  radium.  The  radium  breaks  down  to  form 
end  products  consisting  of  the  gas  helium  and  a  heavy  metal  that  is 
indistinguishable  from  ordinary  lead  except  by  a  very  slight  difference 
in  atomic  weight.  Careful  observations  have  determined  the  rate  of  this 
disintegration,  and  it  appears  that  the  rate  is  entirely  unaffected  by  any 
changes  in  the  physical  environment  of  the  minerals.  Accordingly, 
analysis  of  any  strongly  radioactive  mineral  sample  makes  possible  the 
direct  computation  of  its  age,  for  with  ki*owledge  of  the  constant  rate  of 
disintegration  it  is  merely  necessary  to  determine  the  quantities  of 
remaining  unaltered  uranium  or  thorium  and  one  or  other  of  the  decom- 
position end  products.  Some  of  the  helium  is  likely  to  escape  and  it  is 
harder  to  measure  accurately  than  the  lead,  so  the  lead-uranium  ratio  is 
commonly  sought.  There  are  difficulties  in  actual  work  which  have  led 
to  some  discrepancies  in  results.  For  example,  weathered  samples  give 
erroneous  figures  because  some  of  the  minerals  may  be  lost;  or  if  primary 
lead  is  present,  it  may  be  confused  and  combined  with  radioactively 
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formed  lead.  Also,  since  the  rates  of  disintegration  of  uranium  and 
thorium  are  different,  mixtures  of  these  in1  a  sample  must  be  separately 
determined.  Nevertheless,  a  rapidly  growing  body  of  fairly  accordant 
data  indicates  the  value  of  this  method  of  measuring  geologic  time.  It 
is  subject  to  the  limitation  that  specimens  on  which  reliable  age  deter- 
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FIG.  22.  —  Diagram  representing  the  length  of  geologic  periods  and  eras.  . 

The  figures  here  given  are  based  mainly  on  age  determinations  of  radioactive  minerals  (Kovarik 
and  Holmes),  supplemented  by  data  on  comparative  thickness  of  systems,  estimated  rates  of  sedi- 
mentation, and  time  values  of  unconformities  (Schuchert).  The  spiral  type  of  diagram  modified  from 
David  White. 

The  most  reliable  age  determinations  of  radioactive  minerals  (shown  by  small  index  numbers  on 
the  diagram)  are  as  follows:  (1)  Earliest  Cenozoic.QQ  million  years;  (2)  Early  Permian,  207  (?)  million 
years;  (3)  Mid-Devonian,  290  million  years;  (4)  Devonian  or  Carboniferous,  224  to  310  million  years; 
(5)  Late  Ordovician  (?),  380  million  years;  (6)  Latest  Cambrianl  450  million  years;  (7)  pre-Cambrian 
(Norway),  913  million  years;  (8)  pre-Cambrian  (Norway),  966  million  years;  (9)  pre-Cambrian  (Norway), 
975  million  years;  (10)  pre-Cambrian  (South  Dakota),  1,465  million  years;  (llj  pre-Cambrian  (Russia), 
1,852  million  years. 

minations  can  be  based  are  of  igneous  origin,  and  the  age  of  associated 
sedimentary  formations  must  be  ascertained  indirectly. 

Age  of  theJEarth.  —  Samples  of  radioactive  minerals  from  some 


of  the  oldest  rocks  known  at  the  earth's  surface  have  been  computed  to 
b&JU^OjgdjOtt^.^ew^ld;  even  higher  figures  have  been  obtained. 
These  ancient  rocks  at  the  earth's  surface  are  surely  much  younger  than 
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the  beginning  of  the  earth.  According  to  the  molten-earth  hypothesis, 
the  time  from  the  beginning  of  the  planet  to  the  making  of  the  oldest 
surface  rocks  whose  age  has  been  measured  may  be  estimated  roughly  at 
500  million  years;  this  would  make  the  total  age  of  the  earth  more  than  2 
billion  years.  Accordipg  to  the  solid-earth  hypothesis,  which  calls  for 
slow  building  of  small  planetesimals,  it  is  possible  th^tthe  time  from  the 
beginning  of  the  earth  to  the  making  of  the  oldest^  kjaqwn  _  surface  .rocks 
may  be  2  billion  years  jormore^  making  the  total^age  of  the  earth  3i£ 
billionjtojjerhapsj  billion  years.  It  is  evident  that  the  time  represented 
By^arliest  earth  history,  as  discussed  in  Chap.  Ill,  is  little  more  than  a 
guess. 

SUBDIVISION  OF  GEOLOGIC  TIME 

The  chronology  of  earth  history  is  not  established  in  terms  of  years 
but  is  based  rather  on  the  sequence  and  characters  of  the  rocks.  It  is 
known  that  the  deposition  of  each  group  of  rock  strata  represents  a  time 
which  may  range  from  many  hundreds  or  thousands  of  years  to  millions; 
also,  it  is  evident  that  intervals  of  erosion  marked  by  unconformities 
represent  much  time.  The  foundation  of  the  geologic  time  scale  is  the 
succession  of  sedimentary  deposits  which  are  divided  by  interruptions 
of  sedimentation.  The  times  of  accumulation  of  sediment  are  like 
the  chapters  of  a  book,  and  the  breaks  due  to  nondeposition  mark  the 
divisions  between  the  chapters.  Smaller  parts  of  the  geologic  section 
may  be  compared  to  paragraphs.  We  recognize  a  few  especially  impor- 
tant lines  of  division  in  the  rock  succession  which  denote  major  partitions 
of  geologic  time,  and  these  suggest  separate  volumes.  Another  and 
perhaps  better  comparison  is  the  succession  of  reigns  in  a  monarchy.  One 
reign  is  longer  than  another  and  each  may  be  marked  by  various  dis- 
tinguishing characters;  the  geologic  time  divisions  of  first  rank  may  be 
compared  to  changes  of  dynasties.  In  geologic  history,  however,  there 
is  a  gap  in  the  record  between  most  successive  "reigns." 
^  Basis  of  the  Geologic  Time  Scale. — The  first  attempts,  more  than 
a  cenTury~sgo,~tb  classify  the  rocks  of  the  earth  from  the  standpoint  of 
age  or  origin  led  to  a  twofold  division :  Primary,  for  the  granites,  schists^ 
slates,  and  unf ossiliferous  rocks,  some  oTwEIcF  were  thought  possibly  to 
Tepresent  the  original  crust  of  the  earth,  and  Secondary^  for  the  great 
series  of  fossiliferous  strata  resting  on  the  Primary.  The  geologic  time 
represented  in  the  making  of  these  rocks  was  accordingly  divided  into  two 
great  parts.  Later,  the  units  ^rtiary  and  Quaternary  were  added  to 
include  comparatively  recent,  largely  unccmsolldated  sediments,  but  the 
time  of  both  of  these  together  is  much  less  than  that  of  either  of  the  first 
two  divisions.  The  term  Primary  is  now  replaced  by  Archeozoic  and 
ProterozoiCi  the  so-called  "Transition"  between  Primary lind  Secondary 
is  largely  equivalent  to  what  is  now  called  Paleozoic,  and  the  Secondary  is 
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represented  by  the  Mesozoic.  The  names  Tertiary  and  Quaternary  are 
still  employe!  .....  "~ 

After  it  became  realized  that  the  shells,  bones,  and  impressions  of 
leaves  found  in  stratified  rocks  were  actual  remains  of  life  that  had  existed 
on  the  earth  at  the  time  the  rocks  were  formed,  the  most  important 
observation  bearing  on  age  classification  of  the  rocks  was  the  discovery 
that  the  fossils  of  each  layer  or  group  of  layers  were  characteristic  of  that 
horizon,  and  that  they  differed  from  fossils  in  beds  above  and  below. 
William  Smith  of  England  is  credited  with  first  pronouncement  of  this 
fact  in  about  the  year  1800.  Here  was  a  real  basis  for  geologic  chro- 
nology. However,  it  was  long  believed  that  the  life  represented  in  each 
formation  was  a  separate  creation,  wholly  independent  of  what  had  gone 
before.  Destruction  of  existing  life  by  an  assumed  general  catastrophe 
was  followed  by  creation  of  the  slightly  different  organisms  found  in  the 
next  younger  beds.  The  fact  that  the  rock  layers  and  their  contained 
fossils  are  separable  into  many  distinct,  easily  recognizable  units  shows 
that  geologic  time  may  be  subdivided  on  the  basis  of  the  deposits  and  the 
organic  remains  in  them,  but  ideas  have  entirely  changed  concerning  the 
hypothetical  catastrophes  and  supposed  new  creations.  The  principle 
of  the  uniform  operation  of  nature's  laws,  sometimes  called  uniformi- 
tarianisrn,  has  now  long  been  accepted  as  a  guide  in  study  of  the  geologic 
record,  and  it  does  not  accord  with  catastrophism  in  either  the  inorganic 
or  the  organic  world.  There  is  evidence  of  repeated  changes  in  condi- 
tions of  erosion  and  deposition,  of  advances  and  retreats  of  the  seas,  of 
alterations  of  environment  that  affect  life,  but  these  changes  are  con- 
tinuous and  gradual.  The  geologic  time  scale  is  based  on  the  record  of 
these  conditions,  both  inorganic  and  organic. 

Units  of  the  Time  Scale.  —  The  largest  divisionjof  the  geologic  time 
scale  is  called  an  era.  Each  era  contains  a  number  of  periods,  and  the 
periods^re^divided  into  epochs;  the  epochs  may  be  subdivided  into  ages, 
and  these  mtojstagejs  and  substages.  The  nomenclature  of  time  divisions 
and  the  corresponding  rock  terms,  as  used  in  America,  are  shown  in  the 
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"•*:on  for  the  rocks  of  an  era  is  in  common  use.    The  term  "sequence"  will  be  used  in  this 
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The  word  eon  may  be  used  for  an  extremely  and  indefinitely  long  time, 
but  it  is  not  employed  commonly  in  geology. 

^£m«£--Thela£gest^ivision  of  the  time  scale  is  the  era.  The  eras 
are  defined  ^Ey^unusuaiiy  pronounced  and  widespread  interruptions  in 
sedimentation  and  by  accompanying  apparently  sudden  and  great 
changes  in  the  nature  of  life.  The  "  critical  periods"  or  revolutions  that 
serve  to  mark  off  one  era  from  the  next  are  more  or  less  prolonged  intervals 
when  there  was  maximum  physical  change.  This  change  involves 
unusual  diastrophism,  which  is  commonly  marked  by  elevation  of  great 
mountain  ranges  in  different  parts  of  the  globe  and  by  a  general  highly 
emergent  condition  of  the  continents.  Naturally  there  is  an  important 
accompanying  biologic  reorganization.  The  era  includes  the  enormously 
long  time  between  such  major  breaks  in  the  geologic  record. 

^Periods.  —  The  era  contains  smaller  time  units  called  periods,  which 
arelfeEned  in  exactly  the  same  manner  except  that  the  times  of  crustal 
movement  at  the  beginning  and  end  are  less  pronounced,  and  accom* 
panying  interruption  of  sedimentation  and  changes  in  character  of 
organisms  are  smaller.  Ideally,  a  geologic  period  begins  with  a  gen* 
eral  emergent  condition  of  the  continents,  the  seas  being  accordingly 
restricted;  as  time  elapses,  the  lands  are  slowly  worn  down  and  the  sea 
advances  over  the  continents,  maximum  submergence  occurring  toward 
the  middle  or  in  the  latter  part  of  the  period  ;*  renewal  of  diastrophic 
movements  rejuvenates  the  lands  and  causes  a  retreat  of  the  seas,  bringing 
the  period  to  a  close.  These  geographic  changes  exert  a  marked  effect 
on  organisms  of  the  sea  and  land.  A  period  of  time  is  long  and  the 
thickness  of  rocks  formed  is  generally  great. 

Ayes,  —  A  period  may  be  divided  into  epochs  and  ages 


depending  on  the  existence  of  minor  but  important  changes  in  conditions 
during  the  period.  Thus,  the  lesser  advances  and  retreats  of  the  con- 
tinental seas,  separated  by  erosion  breaks  of  relatively  short  time  value, 
may  be  distinguished.  Also,  the  successive  transgressions  of  seas  from 
different  oceanic  basins,  containing  dissimilar  shallow-water  organisms 
may  be  regarded  as  marking  separate  epochs.  Times  of  deposition  of 
different  sorts  of  sediment  or  times  marked  by  slight  but  significant 
changes  in  the  character  of  fossil  organisms  may  be  distinguished  as 
individual  ages. 

Names  of  the  Time  Divisions 

The  names  applied  to  divisions  of  the  geologic  time  scale  are  the 
result  of  long  and  slow  development.  They  are  an  outgrowth  of  the 
work  of  many  individuals  in  many  regions.  There  is  yet  lack  of  uni- 
formity in  certain  respects,  especially  in  different  continents,  but  tt 
variations  are  mainly  in  the  nomenclature  of  units  smaller  tha 
periods. 
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of  the  JErasu—  The  designation  of  the  eras  which  is  almost 
universally  accepted,  is  based  on  the  ending  -zoic  (from  the  Greek)  refer- 
ring to  life.  Thus,  Archeozoic  means  "beginning  of  life";  Proterozoic^ 
"veryjsarly  life";  Paleozoic,  "  ancient  life1'  ;  Mesozoic,  ^medieval  life"; 
and  CenozoiCj^recenl  Tife/?  These  names  sugges1ftn¥  grand  stages  in 
the  evolution  of  life  which  constitute  a  most  interesting  part  of  earth 
history.  The  first  two  of  the  era  names  given  are  less  generally  used 
than  the  others  because  actual  evidence  of  life  in  these  very  ancient  rocks 
is  small  and  the  names  based  on  life  are  partly  theoretical.  The  term 
Psychozoic,  "soul  or  mind  life,"  has  been  introduced  by  a  few  geologists  to 
apply  to  Recent  time,  but  there  is  little  real  reason  for  such  a  division. 

Names  of  the  Periods.  —  The  names  of  the  periods  are  mainly  drawn 
from  European  sources  because  of  the  early  work  done  on  that  continent. 
They  are  only  partly  based  on  geographic  features. 

Periods  of  the  Paleozoic  _Era.  —  Among  rocks  now  assigned  to  the 
Paleozoic  era  the  coal-bearing  formations,  of  great  economic  importance, 
were  grouped  together  at  a  very  early  date  under  the  term  Carboniferous 
(coal-  or  carbon-bearing).  Beneath  these  strata  in  much  of  Great 
Britain  and  northern  Europe  there  is  a  prominent  thick  reddish  sandstone, 
lacking  in  marine  fossils,  which  came  to  be  known  as  the  Old  Red  sand- 
stone, to  distinguish  it  from  a  somewhat  similar  deposit  above  the  Car- 
boniferous rocks  that  \yas  named  the  New  Red  sandstone. 

Stratified  rocks  beneath  the  Old  Red  sandstone  were  at  first  classified 
simply  as  part  of  the  "primitive  series,"  but  it  was  later  recognized  that 
here  is  a  thick  succession  of  marine  strata  some  of  which  are  highly 
fossiliferous.  Investigations  of  these  carried  on  mainly  by  the  English- 
men Adam  Sedgwick  and  Sir  Roderick  Murchison  led  to  the  designation 
of  a  lower  system  called  Cam6norj.__(Latin  for  Wales,  where  the  beds  are 
well  exposed)  and  of  an  upper  system  called  Silurian,  (after  the  Silures, 
a  Celtic  tribe  that  once  inhabited  the  portion  of  western  England  and 
eastern  Wales  where  these  rocks  occur).  A  division  of  the  Silurian  into 
two  parts,  upper  and  lower,  was  recognized  by  Murchison.  Subse- 
quently, it  became  apparent  that  the  Upper  Cambrian  defined  by  Sedg- 
wick was  essentially  the  same  as  Murchison's  Lower  Silurian.  The  name 
Cambrian  is  now  restricted  to  the  formations  (Sedgwick's  Lower  Cam- 
brian) below  this  intermediate  series  which  was  long  a  subject  of  contro- 
versy as  to  classification  and  nomenclature.  In  Europe,  some  geologists, 
mostly  those  on  the  continent,  still  employ  the  terms  Lower  and  Upper 
Silurian  in  Murchison's  sense,  and  this  usage  was  followed  in  early 
American  works.  Since  1879,  however,  the  name  Ordovician  has  gener- 
ally come  to  be  applied  to  the  "Lower  Silurian"  of  Murchison,  and  the 
term  Silurian  is  restricted  to  his  "Upper  Silurian." 

'THie  discovery  in  southwestern  England  of  marine  fossils  apparently 
interiA^iate  in  character  between  those  known  from  the  Silurian  and 
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Carboniferous  led  Murchison  and  Sedgwick  to  the  conclusion  that  the 
containing  strata  correspond  in  age  to  the  nonmarine  Old  Red  sandstone 
which  elsewhere  comes  between  Silurian  and  Carboniferous.  In  1839, 
they  introduced  the  name  Devonian  (from  the  county  Devonshire  in 
which  the  marine  strata  were  found)  as  designation  for  the  geologic  period 
following  the  Silurian  and  preceding  the  Carboniferous.  Though  the 
deposits  selected  as  the  type  are  very  ill  adapted  to  serve  as  a  standard  for 
comparison  with  beds  of  this  age  in  other  regions,  the  name  has  come 
into  general  use. 

Studies  in  Europe,  North  America,  and  other  parts  of  the  world  have 
shown  that  the  rocks  of  post- Devonian  age  are  clearly  divisible  into  at 
least  two  or  probably  three  systems  that  are  generally  separated  by  wide- 
spread unconformities.  In  Europe  these  are  designated  from  oldest  to 
youngest,  respectively:  (1)  Lower  Carboniferous,  Culm,  or  Dinantian, 
(2)  Upper  Carboniferous  or  Coal  Measures,  and  (3)  Permian.  In  North 
America  the  corresponding  terms  in  common  use  are  (1)  Mississippian, 
(2)  Pennsylvanian,  and  (3)  Permian,  but  the  differentiation  of  the  last  two 
is  dependent  on  paleontologic  comparison  with  deposits  in  the  Old  World. 

Periods  of  the  Mesozoic  Exa. — The  lower  part  of  the  "  Secondary  "  or 
Mesozoic  rocSTearly  came  to  be  known  as  Triassic  (threefold)  because  of 


the  three  prominent  contrasting  kinds  of  stratathat  are  widespread  at 
this  horizon  in  Germany  and  adjacent  areas.  The  second  period  is 
named  Jurassic  on  account  of  extensive  exposures  in  the  region  of  the 
Jura  Mountains  in  eastern  France,  Switzerland,  and  southwestern  Ger- 
many. The  upper  part  of  the  Mesozoic  is  especially  characterized  by 
beds  of  chalk  and  accordingly  acquired  the  name  Cretaceous  (Latin  creta, 
meaning  chalk).  "  ~~~ 

Periods  of  the  Cenozoic  Era. — Origin  of  the  Cenozoic  period  names 
Tertiary  and  $wo/eraan/Tias^dready  been  noted.  The  subdivisions  of 
these  are  rather  artificial  and  poorly  conceived  terms  based  on  the  propor- 
tion of  living  to  extinct  species  of  organisms  found  as  fossils  in  the  rocks. 
Thus  Eocene  (dawn  of  recent),  Oligocene  (little  recent),  Miocene  (half 
recent),  Pliocene  (more  recent),  and  Pleistocene  (most  recent)  indicate 
the  gradual  approach  in  biologic  characters  to  the  present  geologic  epoch 
called  Recent. 

The  accompanying  table  of  the  geologic  time  scale  is  introduced  for 
the  purpose  of  reference  and  to  show  in  concise  form  the  subdivisions  that 
are  generally  employed  in  America  and  Europe.  The  youngest  divisions 
of  time  are  arranged  at  the  top  and  the  oldest  at  the  bottom,  as  the  rocks 
of  corresponding  ages  occur  in  nature. 

SUMMARY 

Geologic  time  can  be  measured  with  varying  accuracy  by  determina- 
tion of  the  accumulated  results  of  processes  working  at  a  known  rate 
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throughout  the  time  to  be  measured.  The  most  reliable  method  is  based 
on  study  of  the  disintegration  of  radioactive  minerals,  which  indicates 
that  some  ancient  rocks  at  the  earth's  surface  are  more  than  1,850  million 
years  old.  The  age  of  the  earth  may  be  estimated  at  2  to  5  billion  years. 

Subdivision  of  geologic  time  is  based  on  the  sequence  and  character  of 
the  rock  formations,  and  especially  on  the  occurrence  of  unconformities 
and  crustal  disturbances  of  varying  importance.  The  time  division  of 
first  order,  called  era,  extends  from  one  of  the  most  important  " breaks'1 
or  times  of  critical  change  in  physical  and  biologic  conditions  to  the  next 
one.  The  divisions  of  successive  lower  rank,  period,  epoch,  age,  and 
stage,  are  based  on  lesser  interruptions  and  changes  shown  in  the  geologic 
record. 

The  names  of  the  eras  denote  stages  in  the  general  development  of 
life.  The  period  names  are  derived  mostly  from  Europe  where  the  rocks 
were  first  studied  carefully. 
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CHAPTER  VI 
THE  OLDEST  KNOWN  ROCKS 

The  part  of  earth  history  that  is  decipherable  from  study  of  rocks  at 
the  earth's  surface  properly  begins  with  the  very  oldest  rocks  known. 
Inferences  concerning  ancient  conditions  and  events  on  the  earth  that 
may  be  drawn  from  the  nature  and  structure  of  these  rocks  are  much  more 
definite  than  those  concerning  the  origin  and  earliest  history  of  the  globe. 

But  how  can  these  oldest  rocks  be  recognized?  In  the  Grand  Canyon 
region  we  have  noted  that  each  rock  layer  in  downward  sequence  is  older 
than  those  above,  and  that  the  rocks  in  the  lowest  part  of  the  canyon 
beneath  the  great  unconformity  are  the  oldest  in  this  region.  Deter- 
mining relative  age  by  order  of  superposition,  one  might  say  that  the 
bottommost  rocks  in  the  thickest  discoverable  series  of  rock  layers  should 
be  the  oldest.  Except  in  the  case  of  intrusive  igneous  rocks,  which  are 
dated  geologically  from  the  time  of  their  solidification,  and  which,  accord- 
ingly, are  always  younger  than  the  rocks  they  invade,  identification  of 
oldest  exposed  rocks  in  any  one  region  in  this  manner  is  correct.  But 
this  does  not  necessarily  identify  the  most  ancient  rocks  in  the  world,  for 
the  reason  that  the  selected  very  thick  series  of  superposed  beds  may  all 
represent  deposits  of  comparatively  recent  geologic  times.  Illustration 
is  afforded  by  areas  in  California  where  exposures  of  stratified  rocks 
totaling  more  than  50,000  feet  in  thickness  rest  on  ancient-looking  crystal- 
line rocks,  yet  the  latter  are  known  to  be  as  young  as  Jurassic.  Quest 
for  the  oldest  rocks,  therefore,  is  not  simply  based  on  local  order  of  super- 
position. We  must  first  take  account  of  information  concerning  age  that 
is  given  by  fossils  and  start  search  from  the  lowest  obtainable  geologic 
datum  as  distinguished  by  fossils.  Such  a  datum  is  found  in  the  very 
widespread  plane  of  unconformity  which  occurs  in  all  parts  of  the  world 
beneath  the  lowest  Cambrian  sediments. 

THE  SUB -CAMBRIAN  UNCONFORMITY 

Cambrian  strata,  which  are  the  lowest  and  oldest  containing  abundant 
animal  remains,  can  be  identified  readily  by  the  nature  of  their  fossils. 
Practically  everywhere,  as  far  as  known,  the  Cambrian  rests  uncon- 
formably  on  older  rocks  which  may  consist  likewise  of  sediments,  of 
granite  or  other  igneous  rocks,  or  of  highly  metamorphosed  rocks.  The 
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difference  between  Cambrian  and  pre-(  -ambrian  rocks  in  degree  of 
metamorphism  is  generally  very  striking.  The  pre-Cambrian  rock 
surface  in  most  places  was  carved  by  erosion  to  a  comparatively  smooth 
plain  before  the  Cambrian  sediments  were  deposited.  This  is  clearly 
shown  in  the  Grand  Canyon.  Where  the  rocks  below  the  unconformity 
are  granite,  gneiss,  schist,  or  similar  deep-seated  crystalline  materials, 
it  is  evident  that  this  erosion  must  have  removed  many  hundreds  of  feet 
of  the  previously  existing  earth  crust,  because  coarse-grained  intrusive 
igneous  rocks  and  considerably  metamorphosed  rocks  are  not  formed  at 
the  surface  or  even  at  very  shallow  depths.  The  extremely  widespread 
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Fia.  23. — An  exposure  of  the  sub-Cambrian  unconformity  in  the  Black  Hills  region, 
South  Dakota.  Cambrian  sandstone  rests  on  a  smooth  erosion  surface  cut  on  pre-Cam- 
brian schist.  (N.  H.  Darton,  U.  S.  Geol.  Survey.) 

nature  of  the  unconformity  and  the  deep-seated  character  of  the  pre- 
Paleozoic  rocks  in  so  many  places  furnish  basis  for  the  conclusion  that 
most  of  the  continental  areas,  where  observations  are  possible,  must  have 
been  considerably  elevated  above  the  seas  for  a  long  time.  The  land 
surface  not  only  was  cut  downward  deeply  but  it  was  well  smoothed. 

Where  are  the  sediments  that  were  derived  from  the  lands  during  this 
erosion?  Their  aggregate  volume  must  be  enormous,  yet  we  know 
almost  nothing  about  them.  Presumably  they  were  transported  to 
areas  beyond  the  borders  of  the  continents,  where  they  are  now  concealed. 
Some  of  the  sediments  belonging  to  very  late  pre-Cambrian  time  appear 
to  have  been  deposited  in  broad  depressions  of  the  land,  eventually 
filling  them  so  that  the  aggraded  surface  was  made  even  with  the 
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surrounding  plain  of  denudation.  However  this  may  be,  there  is  certainly 
a  great  "lost  interval"  in  the  geologic  record  at  the  base  of  the  Cambrian. 

The  old  erosion  surface,  gently  warped  but  nearly  flat-lying,  may  be 
seen  on  the  flanks  of  the  Adirondacks  in  northeastern  New  York,  along 
the  edge  of  the  Cambrian  in  north  central  Wisconsin,  around  the  Black 
Hills  in  South  Dakota,  in  the  Grand  Canyon,  and  in  many  other  places. 
Tilted  upward  so  that  it  now  stands  very  steeply  inclined  or  even  tipped 
beyond  the  vertical,  it  is  found  in  the  Appalachian  Mountains,  bordering 
the  Front  Range  of  the  Rockies,  and  elsewhere. 

This  unconformity  defines  a  major  datum  in  geologic  history  which  is 
analogous  to  that  of  the  birth  of  Christ  in  reckoning  dates  of  European 
and  American  history.  The  pre-Cambrian  rocks  thus  represent  time 
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^IG.  24. — Block  diagram  of  a  part  of  the  Franklin   Furnace  quadrangle,    New  Jersey, 

showing  relations  of  pre-Cambrian  and  Cambrian  rocks. 

The  Hardy B ton  quart  zite  was  deposited  aa  horizontal  layers  of  sand  and,  together  with  other  rocks 
of  the  region,  has  been  folded  and  faulted  subsequently.  Because  the  sand  was  originally  horizontal, 
the  surface  on  which  it  rests  must  also  have  been  horizontal,  and  the  sub-Cambrian  unconformity  thus 
defines  a  peneplain  which  is  now  greatly  deformed. 

which  in  this  comparison  corresponds  to  years  before  Christ  in  human 
history.  The  quest  for  the  most  ancient  surface  rocks  begins  at  the 
sub-Cambrian  plane  of  unconformity  and  proceeds  downward. 

DEVELOPMENT    OF   KNOWLEDGE    CONCERNING   THE   OLDEST   ROCKS 

Work  of  Logan. — The  earliest  successful  attempt  at  subdivision  and 
differentiation  of  the  pre-Cambrian  rocks  may  be  credited  to  Sir  William 
Logan,  first  director  of  the  Geological  Survey  of  Canada,  who  made 
observations  along  the  north  side  of  the  St.  Lawrence  in  1843  and  follow- 
ing years  and  later  extended  his  investigations  to  the  country  north 
of  Lake  Huron.  The  granite  and  its  metamorphosed  gneissic  equivalents 
in  the  St.  Lawrence  region  he  named  the  Laurentian.  Discovery  of  a 
series  of  slates,  quartzites,  and  conglomerates,  the  last  containing 
pebbles  and  boulders  of  granite  and  gneiss,  led  to  recognition  of  a  very 
important  system  of  rocks  younger  than  the  Laurentian,  since  these 
sediments  rest  on  the  massive  crystalline  rocks  and  contain  material 
derived  from  them.  These  sediments  are  typically  developed  in  the 
country  northeast  of  Lake  Huron,  on  account  of  which  they  were  named 
Uuronian.  Finally,  still  another  series  of  pre-Cambrian  rocks  younger 
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than  Huronian  was  distinguished  by  Logan.  This  is  the  copper-beWing 
series  that  rests  unconformably  on  the  Huronian;  it  is  now  known  as 
Keweenawan.  At  least  three  major  divisions  of  the  pre-Cambrian  of  the 
Canadian  area  were  thus  differentiated  by  Logan.  Because  of  the 
importance  of  his  pioneer  work  leading  toward  a  true  understanding  of 
the  complex  geology  of  these  old  rocks,  Logan 
is  sometimes  called  the  "father  of  pre-Cam- 
brian geology." 

Later  Investigations.  —  Subsequent  studies, 
especially  by  geologists  of  the  Canadian  Survey 
(Adams,  Barlow,  Bell,  Coleman,  Collins, 
Dawson,  Quirke,  and  many  others)  have 
extended  knowledge  very  greatly  in  the  region 
first  examined  by  Logan.  There  are  many 
complexities  and  puzzling  problems  that  are 
not  yet  solved  but  the  order  of  succession  of 
many  rock  divisions  is  now  known  definitely. 
The  country  south  of  Lake  Superior  has  been 
studied  intensively  in  many  places  because  FIG.  25.—  Sir  William  Lo«an 
of  rich  deposits  of  iron  and  copper.  Much  (i7»8-i875). 

important  information  concerning  the  very  ancient  rocks  and  their 
geologic  history  has  been  gathered,  particularly  through  the  work  of 
Irving,  Van  Hise,  and  Leith  of  the  United  States  Geological  Survey. 

METHODS  OF  CLASSIFICATION  AND  CORRELATION 

In  classifying  the_pr_e-Cambrian  rocks  according  to  age  and  in  corre- 
lating Tormations  of  one  region  wfth  another^rtepeiidence  must  be  placed 
n  "physical  characters  of  the  rocks,  for  fossils  of  any  sort  are 


exceedingly  rare  or  absent  altogether.  Observations  of  the  following 
are  most  significant:  (1)  composition,  texture,  and  general  lithologic 
character  of  the  rocksL  (2)  order  of  superposition  j>r  sequence,  Including 
tmTgnof~tgnBous  iac5yity_J..Q8peciany'  of  plutonicjntrusipng^.  (3)  structure, 
C5peciaIIy~luf  related  to  jgeneraTcrustal  movements^  and  (47  major~oT 
fntlioJTuMonfgrinities.  In  addition,  (5)  computation  of  geologfc~agej5y 
measurement  of  the  disintegration  producEpTri^ioactive  minerals  in  "the 
pre-Cambrian  rocks  is  being  undertaken_gnd_  may^prpve  ^valuable. 

"Lithologic  Character.  —  Differentiation  of  the  pre-Cambrian  rocks 
according  to  age  first  requires  separation  of  the  igneous,  metamorphic, 
and  sedimentary  rocks,  and  under  each  of  these  classes  recognition  of 
the  different  main  types  is  necessary.  Schist  or  other  metamorphosed 
rock  is  almost  surely  older  than  unaltered  sedimentary  or  igneous  rocks 
of  the  same  area,  for  the  forces  of  metamorphism  which  produced 
the  schist  should  otherwise  have  affected  all.  Consideration  must  be 
given,  however,  to  differing  strength  of  the  various  kinds  of  rocks,  since 
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shaly  beds,  for  example,  are  much  more  readily  deformed  than  massive 
quartzite.  In  correlating  the  rocks  of  different  regions,,  comparison 
should  first  be.  ma^p  pf '  the  kinds  of  rock  that  are  present  in  each.  For- 
mations of  the  same  type,  especially  if  they  contain  distinctive  peculi-* 
arities  of  mineral  composition,  texture,  and  other  features, ,  are  more 
likely  to  be  equivalent  than  unlike  formations.  Thu^,  certain  Protero- 
zoic  iron  and  dolomite  formations  may  be  recogni^^d  and  correlated, 


FIG.  26. — The  similar  lithology  of  the  rocks  shown  in  sections  8  and  T  suggests  possible 
equivalence  of  these  rocks,  but  it  is  also  quite  possible  that  the  age  of  one  is  altogether 
different  from  that  of  the  other. 

but  even  these  correlations  may  not  safely  be  extended   to   distant 
regions. 

Order  of  Sequence. — The  order  of  sequence  in  stratified  rocks  is 
determined  Tiy  superpositon  of  the  rock  layers.  This  is  most  simple 
in  undisturbed  or  slightly  folded  strata,  but  in  parts  of  the  pre-Cambrian 
areas  the  strata  may  be  vertical,  overturned,  or  highly  contorted. 
Occasionally,  recourse  may  be  had  to  such  features  as  cross-bedding, 
ripple  marks,  and  peculiarities  of  jointing,  in  determining  the  order  of 


Schist 


FIG.  27. — The  like  sequence  of  lithologic  types  shown  in  sections  U  and  V,  which  occur 
a  number  of  mile*  apart  but  in  the  same  region,  affords  much  stronger  basis  for  correlation 
of  the  rock  formations  represented  than  for  those  shown  in  Fig.  26.  These  sections  also 
show  similar  structure  and  a  like  relation  to  a  prominent  unconformity. 

sequence,  but  these  are  seldom  recognizable  where  the  rocks  are  highly 
disturbed.  Sedimentary  or  volcanic  rocks  in  contact  with  deep-seated 
igneous  rocks  may  be  recognized  as  younger  (except  in-  certain  cases  of 
faulting)  if  they  show  no  local  metamorphic  effects  from  the  igneous 
mass,  and  especially  if  they  contain  pebbles  or  cobbles  derived  from  the 
igneous  rock;  and  they  may  be  recognized  as  older  if  the  intrusive  igneous 
rock  cuts  through  or  across  them  and  has  altered  them; 
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Structure.— In  a  general  way  the  structure  of  the  pre-Cambrian  rocks 
is  significant  as  regards  age,  the  younger,  which  have  been  subjected  to 
fewer  crustal  disturbances,  being  less  folded  and  faulted,  and  the  older, 
which  have  been  subjected  to  greater  deformation,  being  more  complex 
in  structure.  This  is  shown  in  the  Grand  Canyon  region  where  the 
Algonkian  rocks  are  merely  tilted  and  faulted,  but  the  Archean  rocks  are 
very  complex  in  structure.  It  is  also  shown  in  various  parts  of  Canada, 
but  the  fact  that  rocks  of  a  given  age  may  be  little  disturbed  in  one  region 
and  profoundly  altered  in  another  adds  greatly  to  difficulties.  Similarity 
of  structure  is  not  of  itself  a  reliable  basis  of  correlation. 


FIG.  28. — The  dissimilar  structure  of  the  rocks  in  sections  W  and  X  suggests  that  those 
of  W  are  younger  than  the  formations  of  X,  but  this  is  a  very  unsafe  assumption.  The 
sedimentary  rocks  of  the  two  sections  are  actually  equivalent  in  age. 

Unconformities. — Unconformities  represent  erosion  intervals  which 
interrupt  the  sequence  of  sedimentary  deposition  and  follow  crustal 
disturbances  that  elevate  the  land.  Determination  of  age  relations  is 
based  partly  on  the  rocks  which  are  eroded,  or  truncated  by  the  erosion, 
but  more  on  the  deposits  which  subsequently  are  laid  down  above  the 
plane  of  unconformity. 

Radioactive  Determinations,— Radioactive  minerals  occur  in  some 
of  the  pre-Cambrian  igneous  rocks.  When'  amounts  of  these  sufficient 
for  accurate  measurement  of  their  disintegration  products  are  found, 
there  is  a  basis  not  only  for  computation  of  the  geologic  age  of  the 
minerals  and  containing  rocks  but  for  comparison  and  correlation 
of  rocks  in  widely  separated  areas.  Thus,  a  series  of  determinations  on 
specimens  from  pre-Cambrian  rocks  in  different  parts  of  Ontario  shows 
one  group  in  which  the  computed  age  ranges  from  1,138  to  1,296  million 
years,  another  coinciding  at  about  869  million  years,  and  others  still 
younger  (Ellsworth,  1930).  Concordant  results  give  promise  to  this 
method  of  investigation  but  it  has  not  reached  a  state  where  it  can  be 
used  as  an  aid  in  mapping. 

All  together,  these  criteria  afford  basis  for  fairly  definite  determination 
of  the  time  sequence  of  pre-Cambrian  rocks  in  various  regions  and  for 
comparison  of  the  rocks  in  different  areas.  Difficulties  lie  mainly  in  the 
complexity  of  structure  and  extreme  metamorphism  of  certain  districts, 
in  regional  variation  of  lithologic  characters,  and  to  a  large  extent  in 
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lack  of  exposures.  Considering  the  vastness  of  the  pre-Cambrian  areas, 
however,  and  the  very  detailed  study  of  them  which  is  necessary,  it  may 
be  said  that  exploration  has  only  started. 

DIVISIONS  OF  THE  PRE-CAMBRIAN 

The  pre-Cambrian  rocks  may  be  divided  readily  into  two  main  parts, 
of  which  (1)  the  younger  is  dojnmantlyLCQinposed  of  sedimentary  rocks 
which  in  most  but  not  all  places  have  moderately  simple  structure  and 
which  in  general  show  clearly  the  order  of  succession,  and  (2)  an  older 
Pa£^distinguished_ byjdpminance  of  extreme  alteration  by  metamorphism, 
prevalence  of  deep-seated  igneous  and  metamorphic  rocks,  and  very 
great  complexity  of  structure  which  is  characteristic  of  rocksjrf  the  deep 
zone.  It  is  significant  that  this  division  which  appears  so  clearly  in 
many  parts  of  North  America  is  equally  well  observed  in  other  parts  of 
the  world. 

Proterozoic  and  Archeozoic. — The  eras  of  time  which  are  represented 
by  the  two  main  parts  are  termed  respectively  the  Proterozoic  and 
Archeozoic.  The  Proterozoic  sequence  consists  of  several  systems  with 
a  long  and  complex  history.  It  is  younger  than  the  Archeozoic  because 
it  uniformly  overlies  the  lattefr  unconformably.  The  Archeozoic  is  made 
up  broadly  of  two  types  of  rock:  (1)  crystalline  schists  that  are  highly 
metamorphosed  sediments  and  igneous  rocks,  and  (2)  granites  that  in 
places  are  changed  to  gneisses.  The  first  group  includes  also  large  masses 
of  nonschistose  lava  flows  and  other  rocks  in  some  regions. 


BB  Slaty  Schist  H!  Slate  [53  Quartz! t«  wirbjranite  cobbles  ES  Granite 

Fia.  29. — Section  Y  shows  granite  in  contact  with  slaty  schist.  Dikes  of  granite 
invade  the  schist.  Section  Z  shows  similar  granite  in  contact  with  a  quartzite  containing 
granite  cobbles,  overlaid  by  slate.  What  is  the  relative  age  of  the  granite  and  slaty  rocks 
in  these  cases? 

The  Oldest  Known  Rocks. — At  one  time  the  granites  of  the  Arch- 
eozoic sequence  were  regarded  as  parts  of  the  original  molten  crust  of 
the  earth,  the  schists  being  metamorphosed  sediments  and  volcanics 
resting  on  the  igneous  rocks  of  the  supposed  crust.  Closer  observation, 
however,  has  shown  that  in  every  case  the  granites  cut  across  lamination 
planes  of  the  schists,  that  dike  or  v^inlike  masses  of  granite  project  into 
the  schists,  and  that  the  schists  have  been  altered  in  the  vicinity  of  the 
contact.  From  these  relations  it  is  clear  that  the  granites  are  actually 
younger  than  the  schists,  and  accordingly  that  the  oldest  of  all  accessible 
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rocks  at  the  earth's  surface  are  the  metamorphosed  equivalents  of  ordi- 
nary types  of  sedimentary  rocks,  of  lava  flows,  and  in  some  cases  of 
intrusive  rocks  injected  into  these.  What  may  have  composed  the  sur- 
face on  which  the  materials  of  the  schists  were  laid  down  is  unknown,  but 
no  rocks  at  the  earth's  surface  can  be  identified  definitely  as  part  of  an 
original  crust.  The  observed  conditions  accord  well  with  the  inferred 
stages  of  earth  development  according  to  the  planetesimal  hypothesis, 
which  holds  that  the  geologic  processes  that  caused  erosion  and  sedimenta- 
tion began  long  before  the  earth  had  reached  its  present  size. 

The  most  ancient  rocks  containing  radioactive  minerals  so  far  known 
come  from  a  locality  in  Russia.  Reliable  studies  indicate  that  these 
rocks  are  about  1,852  million  years  old,  but  it  is  to  be  noted  that  still 
older  nonradioactive  rocks  occur  in  this  region. 

DISTRIBUTION  AND   GENERAL  CHARACTER  OF  PRE-CAMBRIAN  AREAS 

IN  NORTH  AMERICA 

Pre-Cambrian  rocks  occur  at  the  surface,  or  immediately  underlie 
unconsolidated  surficial  materials,  in  about  30  per  cent  of  the  area  of 
North  America.  Much  the  greater  part  of  this  pre-Cambrian  area  lies 
in  the  northern  part  of  the  continent,  comprising  almost  all  of  Canada 
north  of  the  St.  Lawrence  River  and  the  Great  Lakes,  and  east  of  Lake 
Winnipeg  and  the  Mackenzie  River.  This  region  is  known  as  the 
Canadian  Shield.  Outlying  portions  of  the  shield  include  the  Adirondack 
Mountains  of  northeastern  New  York  and  the  highlands  of  northern 
Wisconsin,  south  of  Lake  Superior. 

I^re-Cambrian  rocks  are  prominent  also  in  Newfoundland,  Nova 
Scotia,  New  England,  and  in  a  broad  belt  comprising  the  easternmost 
part  of  the  Appalachian  Mountains  and  the  adjacent  Piedmont  Plateau. 
The  Interior  Plains  region  of  the  continent  contains  a  few  small  areas  of 
pre-Cambrian  exposures,  as  in  the  Black  Hills  of  South  Dakota,  the 
Ozark  region  of  Missouri,  the  Arbuckle  and  Wichita  Mountains  of  south- 
ern Oklahoma,  and  the  Llano  region  of  central  Texas.  Several  parts  of 
the  Cordilleran  district  in  western  North  America  show  large  outcrops 
of  pre-Cambrian  rocks,  especially  in  the  Rocky  Mountains  system. 

It  is  desirable  to  note  briefly  the  general  character  of  these  regions 
composed  of  very  ancient  rocks. 

Canadian  Shield. — The  portion  of  North  America  included  in  the 
Canadian  Shield  is  preeminently  a  land  of  lakes,  of  clear-water  streams 
with  rapids  and  falls,  of  Mi-drained  swampy  and  marshy  areas,  and  of 
limitless  conifer  forests.  In  the  far  north  there  are  grass  lands  and  tree- 
less tundras.  Rock  surfaces  devoid  of  soil  are  common  in  many  places. 
The  geologic  structure  is  very  complex  and  there  is  much  variation  in  the 
hardness  of  the  rocks.  As  a  result  of  these  conditions,  mainly,  the  topog- 
raphy is  locally  rugged.  The  amount  of  relief  in  any  one  area  is  not 
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great,  however,  and  an  outstanding  feature  of  the  country  as  a  whole  in 
the  remarkably  even  skyline,  which  is  clearly  a  mark  of  peneplanation. 
The  Canadian  Shield  region  has  probably  been  a  persistent  lowland  that 
mostly  has  stood  very  close  to  sea  level.  From  time  to  time  in  the  course 


Fia.  30.* — Map  showing  distribution  of  pre-Cambrian  outcrop  areas  in  North  America. 

of  geologic  history  it  appears  to  have  been  partially  and  temporarily 
submerged.  The  present  irregularities  of  the  land  in  this  region  are  due 
chiefly  to  differences  in  hardness  of  the  rocks  and  effects  of  very  recent 
glaciation.  The  ice  sheets  carried  away  huge  quantities  of  the  former 
residual  soils.  The  uneven  erosion  and  deposition  of  the  glaciers  made 
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innumerable  depressions  that  are  now  occupied  by  lakes  and  swamps 
and  created  conditions  that  profoundly  affect  drainage  and  the  work  of 
streams. 

The  Adirondacks  are  a  group  of  mountains  in  northeastern  New 
York.  Topographically,  the  mountain  area  is  very  prominent,  for  some 
of  the  peaks  rise  nearly  5,000  feet  above  the  adjacent  lowland  country. 
The  mountains  have  rounded  rather  than  angular  outlines,  and  their 
slopes  and  summits  are  densely  clothed  with  forests.  There  are  deep 
valleys,  some  of  which  contain  beautiful  lakes. 


FIG.  31. — Crystalline  rocks  of  complex  structure,  peneplaned  by  streams  and  eroded 
by  ice,  compose  most  of  the  Canadian  Shield.  Schist  on  the  shore  of  Lac  la  Ronde, 
Manitoba.  (Geol.  Survey  Canada.) 

The  northern  Wisconsin  Highlands  and  the  northeastern  portion  of 
Minnesota  are  essentially  similar  to  typical  parts  of  the  Canadian  Shield 
lying  north  of  the  Great  Lakes.  As  a  matter  of  fact,  these  areas  in  the 
United  States  may  be  properly  considered  as  a  southern  extension  of  the 
Canadian  Shield.  Like  other  parts  of  the  shield,  this  region  has  been 
peneplaned  and  has  been  affected  by  glaciation. 

Appalachian  Region. — Pre-Cambrian  granites,  gneisses,  and  schists 
have  extensive  distribution  and  exert  an  important  influence  on  the  topog- 
raphy in  parts  of  most  of  the  Atlantic  seaboard  states.  The  Blue  Ridge, 
which  comprises  the  main  eastern  front  of  the  mountains,  is  composed 
of  pre-Cambrian  and  some  Lower  Cambrian  rocks.  The  same  may  be 
said  of  the  strongly  elevated  portion  of  the  Appalachians  in  northwestern 
North  Carolina  and  adjacent  territory.  The  topography  of  this  region 
is  more  truly  mountainous  than  that  of  any  other  portion  of  the  eastern 
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United  States.  Mount  Mitchell  in  North  Carolina  (elevation,  6,711 
feet)  is  the  highest  point  in  the  United  States  east  of  the  Rockies.  The 
rugged  mountains  and  hills  are  covered  with  dense  forests,  and  certain 
sections  contain  only  the  merest  sprinkling  of  population. 

The  Piedmont  Plateau  is  a  peneplaned  east-sloping  upland  on  the 
east  side  of  the  Appalachian  Mountains  district.  Its  altitude  ranges  from 
about  1,500  feet  on  the  west  to  400  feet  or  less  on  the  east,  where  it  is 
differentiated  from  the  Coastal  Plain  in  many  places  by  low  bluffs  or 
strongly  marked  slopes.  The  border,  which  is  commonly  designated 
as  the  "fall  line/'  is  marked  also  by  steepened  descent  of  streams,  with 
common  occurrence  of  low  falls  or  rapids.  Because  of  water  power  that 


FIG.  32. — Mountains  of  Archean  gneiss  in  western  North  Carolina.     (Arthur  Keith,  U.  S. 

Grot.  Survey.) 

is  developed  where  swift-flowing  streams  of  the  Piedmont  region  pass 
from  the  resistant  pre-Cambrian  rocks  to  the  gentle  gradients  developed 
on  weak  beds  of  the  Coastal  Plain,  and  because  in  many  cases  this  bound- 
ary marks  the  head  of  tidewater,  a  number  of  settlements  that  have  grown 
to  be  important  cities  are  located  along  this  line.  Slight  uplift  in  com- 
paratively recent  geologic  time  has  led  to  partial  dissection  of  the  Pied- 
mont Plateau  surface  by  stream  erosion.  The  topography  in  many 
places  may  be  described  as  gently  rolling,  but  locally  there  are  fairly 
deep,  narrow  valleys.  The  structure  of  the  rocks  is  very  complex,  and 
the  comparative  evenness  of  the  upland  surface  (that  is,  the  general 
accordance  of  hilltop  levels)  points  to  a  former  prolonged  peneplanation. 
This  is  also  borne  out  by  the  generally  deep  character  of  the  residual 
soils  and  the  extensive  decomposition  of  the  crystalline  rocks,  especially 
in  areas  along  divides  where  work  of  recent  erosion  has  not  yet  cut  down 
to  fresh  rock.  Locally,  there  are  large  tracts  of  forest,  either  never 
cleared  or  secord  growth. 
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Central  Plains  Region.  Rounded  hills  of  pre-Cambrian  igneous  rocks, 
covered  thicMy~with  forest  growth,  rise  several  hundred  feet  above  the 
general  level  of  the  Ozark  Highlands,  some  70  miles  south  of  St.  Louis, 
Mo.  This  small  area  is  known  as  the  St.  Francis  Mountains. 

Rather  similar  features  appear  in  the  Wichita  Mountains  of  southern 
Oklahoma  and  in  the  Black  Hills  of  South  Dakota,  but  in  both  of  these 
places  the  forest  cover  is  not  dense,  there  are  numerous  exposures  of 
bare  rock,  and  effects  of  erosion  are  seen  in  sharply  pointed  peaks  and 
spires.  Pre-Cambrian  exposures  in  the  Arbuckle  Mountains  occur  in 
prominent  hills  and  also  in  broad,  inconspicuous  flattish  areas,  where  the 
rocks  have  been  pene planed  by  erosion. 

The  granite,  schist,  and  other  crystalline  rocks  of  pre-Cambrian  age 
that  are  exposed  in  the  Llano  region,  a  few  miles  northwest  of  Austin, 
Texas,  form  low  hills  with  fairly  accordant  summit  levels. 

Cordilleran  Region.^—- Very  ancient  granites,  gneisses,  schists,  and 
otht^"crystalline~rocks  compose  the  core  of  the  Rocky  Mountains,  as  is 
very  well  shown  in  Colorado.  Pikes  Peak  and  other  lofty  mountains  of 
this  region  are  composed  of  pre-Cambrian  rocks  that,  through  agency 
of  crustal  deformations  in  more  recent  geologic  time,  have  been  pushed 
upward  to  elevations  of  more  than  14,000,  feet.  Erosion,  mainly  by 
running  water  and  ice,  has  carved  innumerable  deep  canyons,  cirques, 
U-shaped  valleys,  and  imposing  sheer  cliffs.  The  lower  slopes  of  not  too 
great  steepness  are  forest-clad,  but  above  timber  line  there  is  bare  rock. 
Some  of  the  canyons,  like  that  of  the  Big  Thompson  Valley  which 
is  followed  by  a  highway  leading  to  Rocky  Mountain  National  Park, 
give  excellent  exposures  of  steeply  dipping  quartzites  and  other  pre- 
Cambrian  rocks.  Evidence  that  the  enormous  granitic  mass  of  the 
Rockies  is  pre-Cambrian  in  age,  rather  than  the  results  of  much  later 
magmatic  intrusion,  is  shown  by  the  contact  between  the  Cambrian  and 
the  granitic  mass.  The  unconformable  relationship  between  these  rocks 
is  clearly  indicated  by  the  smoothly  beveled  surface  of  the  granite  at  the 
base  of  the  Cambrian  strata,  as  readily  seen  on  some  of  the  roads  west  of 
Colorado  Springs  and  elsewhere. 

Parts  of  the  northern  Rockies,  as  in  Montana  and  British  Columbia, 
contain  a  very  great  thickness  of  pre-Cambrian  stratified  rocks,  mainly 
quartzite,  slate,  and  limestone,  which  in  general  are  surprisingly  little 
disturbed  by  folding.  They  have  been  profoundly  dislocated  in  some 
places  by  faulting,  however,  and  they  have  been  elevated  many  thousands 
of  feet.  Erosion  agencies  have  carved  in  them  some  of  the  most  imposing 
mountain  scenery  of  the  continent.  The  great  mountains  and  lakes  of 
Glacier  National  Park  are  a  typical  and  most  accessible  portion  of  this 
mountain  area. 

Granite,  schist,  and  more  or  less  metamorphosed  sedimentary  rocks 
are  exposed  for  scores  of  miles  in  the  bottom  of  the  Grand  Canyon  of  the 


72 


THE  PRE-CAMBRIAN  ERAS 


Colorado  in  Arizona.  There  are  smaller  exposures  also  in  other  canyon 
valleys.  Southwestern  Arizona  and  parts  of  the  Great  Basin  contain 
many  hills  and  mountains  composed  of  pre-Cambrian  crystalline  rocks. 
Pre-Cambrian  rocks  are  known  in  the  Klamath  Mountains  of  northern 
California  and  it  is  possible  that  some  of  the  granitic  and  other  crystalline 
rocks  of  the  Sierra  Nevada  and  Coast  Ranges  are  pre-Cambrian  in  age. 
The  topography  of  the  crystalline  rock  areas  of  these  mountains  is  very 
similar  to  that  of  the  Rockies. 


PRE-CAMBRIAN  AREAS  OF  OTHER  CONTINENTS 

Areas  of  pre-Cambrian  rocks  are  known  on  all  of  the  continents.  As  in  North 
America,  the  larger  out'crop  areas  are  mostly  lowlands  that  have  been  occasionally 
and  partially  submerged  by  shallow  seas  of  Cambrian  or  later  time  but  that  have 
tended  to  remain  as  persistent  land  masses.  They  are  the  nuclear  portions  of  the 
continents.  The  cores  of  mountain  uplifts  arc  commonly  found  to  consist  of  pre- 
Cambrian  crystalline  rocks. 


FIQ.  33. — Map  showing  distribution  of  pre-Cambrian  outcrop  areas  in  Europe. 

Europe. — The  largest  continuous  tract  of  pre-Cambrian  rocks  in  Europe  occupies 
the  northwestern  part  of  the  continent,  in  Scandinavia  and  Finland.  Topographically 
and  geologically  there  are  many  points  of  resemblance  between  this  ancient-rock  area 
of  the  Old  World  and  the  Canadian  Shield.  Granitic  and  highly  complex  meta- 
morphic  rocks  of  Archeozoic  age  are  recognized,  and  there  are  thick  series  of  more  or 
less  metamorphosed  sedimentary  rocks  of  Proterozoic  age  that  are  separated  by  uncon- 
formities and  some  of  them  intruded  by  batholiths  of  granite.  The  rocks  of  western 
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Scandinavia  have  been  subjected  to  greater  metamorphism  than  those  of  the  eastern 
part  of  the  peninsula. 

The  Northwest  Highlands  of  Scotland  afford  excellent  exposures  of  pre-Cambrian 
rocks  and  this  has  been  a  region  of  much  careful  study.  A  " fundamental  complex" 
composed  dominantly  of  igneous  rocks  and  subordinately  of  highly  metamorphosed 
rocks  is  termed  the  Lewisian  system.  It  is  Archeozoic  in  age.  Resting  unconform- 
ably  on  these  mainly  granitic  rocks  is  the  Torridonian  system  of  Proterozoic  age. 
It  consists  mainly  of  sandstone  beds  in  which  the  order  of  succession  is  clearly  observ- 
able. The  pre-Cambrian  rocks  of  this  region  have  been  disturbed  by  a  remarkable 
series  of  great  thrust  faults  that  have  pushed  the  rocks  from  east  to  west  in  successive 
slices. 

Pre-Cambrian  rocks  occur  in  Russia  and  in  several  parts  of  central  Europe,  the 
latter  comprising  mountain  uplifts  of  both  ancient  and  geologically  recent  date.  One 
of  the  latter  is  the  Alps,  where  pre-Cambrian  crystalline  rocks  have  been  overthrust 
on  Mesozoic  and  Cenozoic  strata.  From  a  Russian  locality  (Sinyaya  Pala,  Carelia) 
comes  a  pre-Carnbrian  rock  sample,  uraninite,  that  according  to  reliable  measurement 
of  radioactive  disintegration  products  proves  to  be  the  oldest  rock  thus  studied.  Its 
age  is  computed  to  be  1,852  million  years. 

Asia  contains  extensive  outcrops  of  pre-Cambrian  rocks,  especially  in  east  central 
Siberia,  China,  Mongolia,  and  India.  The  succession  of  rocks  is  more  completely 
determined  in  northern  China  than  in  inost  other  places.  Archeozoic  and  Proterozoic 
formations  are  clearly  differentiated.  Much  of  western  Australia  shows  pre-Cambrian 
rocks  at  the  surface.  A  variety  of  rocks  of  pre-Cambrian  age  occur  in  southern 
Africa,  and  Archean  granite  and  other  rocks  are  known  in  the  northern  part  of  the 
continent.  A  large  territory  in  the  northeastern  part  of  South  America  is  composed  of 
Archeozoic  and  Proterozoic  formations.  Extensive  exposures  of  pre-Cambrian  rocks 
appear  also  in  the  Andes  Mountains. 

SUMMARY 

The  great  unconformity  that  occurs  everywhere  at  the  base  of  the 
oldest  fairly  abundantly  fossiliferous  rocks  (Cambrian)  is  an  important 
geologic  datum  that  separates  the  very  ancient  from  the  comparatively 
young  formations. 

The  pre-Cambrian  rocks  are  almost  entirely  unfossiliferous  and 
therefore  the  problem  of  determining  the  relative  age  and  order  of 
succession  of  different  formations  must  be  attacked  by  study  of  physical 
characters.  Of  these  the  most  significant  are  (1)  lithologic  characters, 
(2)  order  of  superposition,  (3)  general  structure,  (4)  occurrence  of 
unconformities,  and  (5)  determination  of  age  by  measurement  of  radio- 
active disintegration  products. 

Two  main  divisions  of  the  pre-Cambrian  rocks  are  recognizable: 
(1)  a  younger  part  composed  dominantly  of  sedimentary  rocks  in  which 
the  order  of  succession  is  definitely  determinable,  and  (2)  an  older  part 
distinguished  by  dominance  of  highly  metamorphosed  and  deep-seated 
igneous  rocks.  These  represent  the  Proterozoic  and  Archeozoic  sequences, 
respectively.  Since  the  intrusive  igneous  rocks  of  the  Archeozoic  extend 
into  and  cut  across  schists,  the  latter  are  the  older.  These  schists  are 
metamorphosed  sedimentary  and  volcanic  rocks  and  are  the  oldest  known 
rocks, 
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The  chief  area  of  exposure  of  pre-Cambrian  rocks  in  North  America 
is  the  Canadian  Shield,  which  comprises  most  of  the  northeastern  part  of 
the  continent.  This  is  a  peneplaned  region  that  has  been  much  affected 
by  recent  glaciation.  The  Adirondack  Mountains  of  northeastern  New 
York  and  the  northern  Wisconsin  Highlands  are  southerly  extensions  of 
the  Canadian  Shield.  Pre-Cambrian  rocks  are  extensively  distributed 
in  the  eastern  Appalachian  Mountains  and  Piedmont  Plateau  region,  and 
parts  of  the  western  Cordillera.  Small  outcrops  of  pre-Cambrian  rocks 
occur  in  local  uplifts  of  the  Interior  Plains  region. 

Pre-Cambrian  rocks  that  are  similar  in  general  character  to  those  of 
North  America  occur  on  each  of  the  other  continents. 


CHAPTER  VII 

THE  FORMATIONS  AND  HISTORY  OF  THE  ARCHEOZOIC 

ERA 

The  Archeozoic  era  is  the  oldest  part  of  geologic  time  represented  by 
rocks  at  the  earth's  surface.  Possibly  a  better  designation  would  be 
Archeozoic  eon,  for  it  is  likely  that  there  are  several  great  eras  in  the 
ordinary  geologic  sense  in  this  enormously  long  initial  unit  of  the  time 
scale.  But  the  threads  are  so  inextricably  tangled  that  the  detailed 
record  of  this  part  of  earth  history  may  never  be  determined.  The  rocks 
of  this  age  are  commonly  designated  as  Archean,  and  they  are  also  appro- 
priately termed  "  basement  complex/'  The  lower  limit  of  the  Archean 
rocks  and  the  beginning  of  Archeozoic  time  are  entirely  unknown. 

The  name  Archeozoic,  signifying  "initial  life,"  implies  that  the  era 
should  be  defined  to  begin  with  the  beginning  of  life  on  the  earth.  Accord- 
ing to  the  planetesimal  hypothesis,  this  was  probably  some  time  before 
the  earth  had  reached  its  full  size.  The  close  of  the  era  is  marked  by 
widespread  erosion  which  produced  an  .important  unconformity.  Thus 
delimited,  the  Archeozoic  comprises  the  first  portion  of  earth  history 
which,  at  least  in  part,  is  recorded  by  rocks  accessible  at  the  earth's 
surface.  The  Archean  rocks  are  exclusively  of  igneous  and  metamorphic 
types  and  are  distinguished  by  remarkable  complexity  of  structure. 

ARCHEAN  ROCKS  OF  THE  CANADIAN  SHIELD  AND  THEIR  HISTORY 

The  northeastern  part  of  the  North  American  continent,  comprising 
central  and  eastern  Canada  (the  Canadian  Shield),  is  the  classic  region 
of  the  world  for  study  of  the  Archean  rocks.  Most  of  the  observations 
which  bear  on  their  classification  and  geologic  history  have  been  made 
along  the  St.  Lawrence  and  near  the  shores  of  Lake  Huron  and  Lake 
Superior. 

Keewatin  and  Related  Rocks. — In  the  country  north  of  Lake  Superior, 
stretching  from  Winnipeg  a  thousand  miles  or  more  eastward,  are 
exposures  of  schists  and  greenstones  that  have  been  named  Keewatin. 
They  consist  in  part  of  water-laid  sedimentary  rocks,  limestone,  shale, 
sandstone,  and  conglomerate  that  have  been  much^  altered  by  meta- 
morphism,  and  in  part*  of  lava  flows  and  tuffs  that  have  been  altered  to 
form  greenstone.  A  pillowy  structure  frequently  observed  in  the  latter 
indicates  that  the  lava  flows  took  place  under  water.  The  amount  of 
volcanic  material  is  greater  in  the  higher,  younger  part  of  the  series. 
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Locally,  as  in  the  Vermilion  district  of  northeastern  Minnesota,  iron  ore 
occurs. 

According  to  some  geologists,  a  series  of  metamorphosed  sediments 
(Coutchiching)  underlies  the  Keewatin  in  the  region  northwest  of  Lake 
Superior.  Probably  most  of  these  schists  should  be  included  with  the 
Keewatin,  but  some  have  been  found  to  be  younger  than  Keewatin. 

East  of  Lake  Huron  there  is  a  tremendous  thickness  of  altered  lime- 
stone with  subordinate  shaly,  sandy,  and  conglomeratic  sediments, 
known  as  the  Grenville  series.  These  rocks,  which  are  very  unlike  the 
Keewatin,  form  much  of  the  surface  in  eastern  Ontario,  Quebec,  Labrador, 
and  the  Adirondack  Mountains  of  northeastern  New  York.  It  is 


FIG.  34. — Crystalline  limestone  and   amphibolite   (Grenville)   in  the  Laurentian    region 
(Haliburton  area)  north  of  Lake  Ontario,  Canada.     (Geol.  Survey  Canada.} 

possible  that  this  great  calcareous  deposit,  notwithstanding  difference  in 
lithologic  character,  corresponds  in  age  to  some  of  the  sedimentary  series 
within  the  Keewatin,  but  some  recent  work  (Collins  and  Quirke)  suggests 
that  it  may  actually  be  of  Proterozoic  age. 

The  metamorphism  of  the  Keewatin  a^d  related  rocks  was  accom- 
plished largely  during  Archeozoic  timepas  may  be  seen  from  the  lesser 
alteration  of  superposed  younger  rocks,  but  it  is  obvious  that  all  post- 
Archeozoic  diastrophism  must  contribute  to  complication  of  structures  in 
the  Archean.  In  some  regions  where  Paleozoic  and  Mesozoic  rocks  have 
been  contorted  and  metamorphosed  by  crustal  movements,  the  under- 
lying Archean  rocks  cannot  fail  to  have  suffered  changes  that  have 
imposed  complexity  on  complexity. 

Laurentian  Rocks. — Granites  and  gneisses  named  Laurentian  cover 
thousands  of  square  miles  in  the  Canadian  Shield  region.  As  has  been 
indicated,  the  nature  of  the  contact  between  these  granites  and  the 
schists  shows  clearly  that  the  granites  are  the  younger.  Granite  batho- 
liths  an'  deep-seated  intrusions  in  which  the  characteristic  coarse  texture 
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is  developed  by  reason  of  slow  cooling  and  possibly  other  physicocheniical 
conditions.  Much  of  the  Laurentian  magmas  must  have  congealed  at  a 
depth  below  the  surface  that  is  measured  in  thousands  of  feet.  The 
foundering  of  portions  of  the  batholith  roofs,  however,  and  the  assimilation 
of  magmatic  matter  by  the  rocks  above  the  batholiths  may  have  pro- 
duced granitic  textures  at  moderately  shallow  depths.  In  any  case,  the 
present  very  extensive  exposure  of  these  rocks  means,  that  the  original 
cover  of  the  batholiths — the  material  into  which  the  magma  was  intruded 
— has  been  removed  by  erosion,  and  in  addition  an  unknown  thickness 
of  the  granite  itself  has  been  worn  away.  There  is  evidence,  to  be  noted 
later,  that  a  large  part  of  this  tremendous  erosion  was  accomplished 
before  the  beginning  of  Proterozoic  sedimentation. 

The  gneisses  are  banded  granitic  rocks  in  which  parallel  arrangement 
of  minerals  was  produced  by  movement  in  the  magma  as  it  solidified,  or 
by  regional  metamorphism  of  granites  subsequent  to  solidification,  or 
by  the  more  or  less  complete  fusion  (or  metamorphic  reconstruction)  of 
sedimentary  rocks  at  great  depth, 

The  Laurentian  Revolution. — Shortening  of  the  earth's  crust  due  to 
mountain-building  compression  causes  folding  of  strata,  thrust  faulting, 
and  if  the  pressures  are  sufficient  may  produce  foliation  and  schistosity. 
The  trend  of  the  axes  of  folding  and  faulting  is  approximately  at  right 
angles  to  the  pressures.  Erosion  of  the  deformed  rocks  results  ii^ strongly 
defined  bands  of  outcrops,  which  run  subparallel  to  the  axes  of  the  folds 
and  faults  and  likewise  to  the  strike  of  lamination  in  the  schists.  All 
of  this  is  roughly  comparable  to  the  grain  in  wood,  and  accordingly  the 
term  grain  is  useful  as  applied  to  country  which  shows  a  marked  orienta- 
tion of  structures. 

In  the  Laurentian  region  the  granitic  masses  and  gneissoid  banding 
as  well  as  the  structure  of  metamorphosed  sedimentary  rocks  show  such  a 
grain,  trending  about  N.  70  E.  The  very  strong  deformation  of  the  rocks 
which  is  thus  indicated  implies  a  mountain-making  crustal  movement 
which  occurred  in  the  latter  part  of  Archeozoic  time.  The  intrusion  of, 
granitic  rocks  was  evidently  approximately  contemporaneous  with  this 
disturbance  and  illustrates  the  general  association  of  igneous  intrusion  on 
a  large  scale  with  mountain-building  forces.  The  compression  of  the 
southeastern  part  of  the  Canadian  Shield  which  developed  these  structures 
must  have  produced  an  important  range  of  mountains,  which  are  named 
the  Laurentian  Mountains.  Erosion,  which  became  active  as  soon  as  the 
rocks  were  elevated,  would  carve  canyon  valleys  and  in  time  would 
obliterate  even  the  greatest  mountain  chain,  leaving  only  the  geologic 
evidence  which  is  seen  in  the  complex  structure  and  banded  outcrops  of 
the  former  mountain  roots.  The  time  required  for  such  profound  erosion 
is  necessarily  great.  We  may  call  it  the  post-Archeozoic  erosion 
interval. 
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The  unconformity  at>ove  the,  Keewatin  and  Laurontian  rocks  and  beneath  beds 
classed  as  Huronian  in  the  Lake  Superior  district  is  generally  regarded  by  geologists 
of  the  United  States  as  the  principal  break  in  the  pre-Cambrian,  separating  a  Abase- 
ment complex"  classed  as  Archean  from  prevailingly  sedimentary  rocks  classed  as 
Proterozoic  (Algonkian).  This  unconformity  is  very  conspicuous  in  Michigan  and 
Wisconsin.  In  Minnesota  and  Ontario,  however,  the  unconformity,  while  definitely 
proved,  is  overshadowed  by  the  structural  discordance  at  the  top  of  slaty  deposits 
(Knife  Lake  series  of  Minnesota,  Dore"  series  of  Michipicoten  district  north  of  Lake 
Superior)  that  are  younger  than  Keowatin.  The  post-Keewatin  slates,  accordingly, 
are  included  by  some  geologists  in  the  Archean  and  the  unconformity  above  the  slates 
is  said  to  represent  the  " ep- Archean "  (that  is,  post- Archeozoic)  erosion  interval. 
Thus,  there  is  divergence  of  opinion  as  to  which  of  two  important  unconformities 
should  be  employed  in  dividing  the  Archeozoic  and  Proterozoic. 

The  very  great  area  of  ^aurentian  granites,  as  formerly  supposed, 
has  been  cut  down  enormously  in  late  years  by  discovery  of  the  impor- 
tance of  younger  pre-Cambrian  granites.  Most  of  the  "Laurentian" 
thus  proves  to  be  Proterozoic  and  there  are  relatively  few  areas  of 
undoubted  pre-Proterozoic  granites.  This  may  even  apply  to  the  type 
Laurentian,  for  if  the  Grenville  sediments  that  are  invaded  by  this 
granite  are  partly  or  wholly  of  Proterozoic  age,  the  igneous  intrusions 
cannot  be  Archeozoic.  Yet  there  are  places  where  metamorphosed 
Archean  rocks  are  intruded  by  granite  of  pre-Proterozoic  age,  and  there 
is  evidence  of  mountain-making  disturbances  and  great  erosion  that 
closed  tRe  Archeozoic  era.  These  considerations,  then,  apply  mainly 
to  use  of  the  word  "Laurentian." 

ARCHEAN  ROCKS  IN  OTHER  REGIONS 

Surface  Distribution. — Rocks  having  the  complex  structure  and 
character  of  the  Archean  formations  as  seen  in  the  Canadian  Shield 
make  up  the  central  part  of  the  Adirondacks  in  northeastern  New  York, 
which  is  really  an  extension  of  the  Canadian  Shield.  They  occur 
throughout  much  of  New  England  and  are  exposed  at  intervals  southward 
along  the  east  side  of  the  Appalachian  Mountains  as  far  as  north  central 
•Alabama.  Most  of  the  outcrops  occur  in  t)te  Piedmont  province  which 
borders  the  Atlantic  Coastal  Plain,  ratter  than  in  the  mountains  proper. 
The  rocks  consist  of  various  types  of  gneisses  and  schists,  some  of  the 
latter  being  identifiable  as  metamorphosed  sedimentary  rocks. 

Farther  west,  rocks  which  are  probably  Archean  are  exposed  in 
the  core  of  the  Ozark  Uplift  south  of  St.  Louis,  the  mountains  of  southern 
Oklahoma,  the  Llano  region  of  Texas,  the  Black  Hills  and  Rocky  Moun- 
tains, and  in  a  large  part  of  the  Great  Basin  country  southward  into 
Mexico.  In  some  of  these  areas  the  granitic  rocks  are  little  metamor- 
phosed and  may  be  as  young  as  Proterozoic.  There  are  minor  varia- 
tions in  the  kind  of  rocks  in  these  different  regions,  but  all  are  dominantly 
composed  of  schist,  granite,  or  both,  and  the  structure  is  very  complex. 
Correlations  of  these  rocks  in  different  regions  are  undependable. 
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Archean  rocks  are  very  widely  distributed  in  other  parts  of  the  world, 
occurring  on  every  continent. 

Continuity  of  the  Archean  beneath  Younger  Rocks. — Many  deep 
wells  located  in  areas  outside  the  exposures  of  pre-Cambrian  rocks  have 
penetrated  all  of  the  overlying  younger  strata  and  passed  into  Archean 
or  Pro tero zoic  rocks.  Since  the  Archean  is  known  to  be  present  wherever 
erosion  has  sufficiently  removed  the  younger  rocks  and  exploration  in 
drilling  has  gone  sufficiently  deep,  and  since  the  Archean  probably  includes 
a  considerable  but  unknown  thickness  of  the  outer  earth  shell,  the  con- 
clusion is  advanced  that  these  ancient  rocks  are  continuous  laterally 


Fiu.   .'55. — Archcan  rocks  consisting  of  schist,  granite    and  pegmatite  in  the  Granite  Gorge, 
Grand  Canyon  of  Colorado  River,  Arizona.      (N.  W.  (larkhuff,  U.  8.  Geol.  Survey.) 

all  over  the  world.  The  Archean  is  universal  beneath  continents 
and  oceans,  and  it  is  the  only  division  of  rocks  of  which  this  can  be 
said. 

Theoretically,  the  Archean  may  be  interrupted  locally  by  masses  of 
intrusive  rock  of  younger  age,  for,  of  course,  all  igneous  invasions  from 
the  earth's  depths  must  penetrate  a  part  of  the  Archean,  except  those 
that  may  originate  in  exceptionally  thick  and  greatly  depressed  post- 
Archean  rocks.  In  some  cases,  as  along  the  east  side  of  the  Appalachians 
where  granitic  batholiths  of  Late  Paleozoic  age  intrude  Archean  and 
younger  rocks,  it  has  been  possible  to  distinguish  the  post-Archean  age  of 
such  intrusions,  but  this  is  not  generally  possible.  It  should  be  recog- 
nized, therefore,  that  much  of  the  igneous  materials  of  certain  Archean 
areas  is  younger  than  Archean. 
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PHYSICAL  CONDITIONS  AND  DURATION  OF  ARCHEOZOIC  TIME 

The  fact  that  muds,  sandp,  and  calcareous  sediments,  totaling  in 
various  places  many  thousands  of  feet,  were  deposited  during  Archeozoic 
time  indicates  that  the  geologic  agencies  of  erosion,  transportation,  and 
sedimentation  were  operative  at  that  time  in  about  the  same  manner  as 
in  later  eras  of  earth  history.  Although  metamorphism  has  largely 
masked  the  original  character  of  these  sediments,  there  is  no  indication  of 
exceptional  physical  environment  unless  it  be  a  lack  of  vegetal  covering 
of  the  lands.  Locally  we  find  indication  of  very  active  vulcanism. 
Nothing  is  known  of  climate  except  that  almost  certainly  it  was  suited 
to  the  existence  of  life.  Discussion  of  the  beginning  $,nd  early  develop- 
ment of  life  is  reserved  to  a  later  chapter. 

The  Archean  is  characterized  by  an  unusual  proportion  of  deep-seated 
igneous  rocks  now  appearing  at  the  surface,  but  this  does  not  by  any 
means  indicate  a  generally  molten  condition  of  the  surface  part  of  the 
globe.  However,  crustal  disturbances,  accompanied  by  metamorphism 
arid  by  intrusion  of  igneous  rocks,  took  place  on  a  very  large  scale.  The 
intense  heat  from  igneous  magmas  and  from  the  depths  of  the  earth, 
and  the  action  of  mineralizing  solutions  and  vapors  derived  from  the 
great  magmatic  invasions,  caused  profound  changes  in  existing  rocks  by 
recrystallization  and  the  formation  of  new  minerals. 

Except  to  say  that  Archeozoic  time  was  very  long,  perhaps  exceeding 
in  length  all  of  subsequent  geologic  history,  no  definite  statement  con- 
cerning duration  is  possible.  Time  represented  by  the  Archean  rocks 
that  can  be  seen  at  the  earth's  surface  probably  represents  many  scores  of 
millions  of  years  and  to  this  may  be  added  the  long  time  representing  the 
Laurentian  mountain-building  and  the  post-Areheozoic  erosion  interval. 
According  to  the  planetesimal  hypothesis,  the  vastly  greater  part  of  the 
Archean  rocks  and  of  Archeozoic  time  are  not  represented  by  any  rocks 
now  exposed.  According  to  studies  of  radioactive  minerals,  parts  of  the 
Archean  are  determined  to  be  at  least  1,850/million  years  old. 

SUMMARY 

The  Archean  rocks,  from  which  earth  history  in  the  Archeozoic  era  is 
inferred,  are  very  widely  exposed  throughout  the  world  wherever  younger 
rocks  have  not  been  deposited  or  where  they  have  been  eroded  away. 
The  Archean  is  thought  to  be  continuous  beneath  all  younger  deposits. 
The  Archean  formations  consist  of  schist  and  allied  highly  metamor- 
phosed rocks,  on  the  one  hand,  and  of  granitic  or  gneissoid  rocks  intrusive 
into  the  schists,  on  the  other.  The  schists  represent  an  unknown  number 
of  periods  of  sedimentation,  in  part  accompanied  by  much  vulcanism; 
these  periods  were  doubtless  separated  by  times  of  crustal  disturbance 
and  igneous  intrusions  that  built  mountains,  and  by  prolonged  erosion 
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intervals.  Occurrence  of  great  quantities  of  sedimentary  materials 
implies  normal  conditions  of  erosion  and  sedimentation,  comparable  with 
later  times,  and  the  existence  of  life  is  indicated  on  indirect  evidence. 
The  structure  of  Archean  rocks  is  characteristically  so  complex  that  most 
of  the  historical  record  is  indecipherable.  Mountain-building  that 
occurred  near  the  close  of  the  era  is  called  the  Laurentian  revolution,  but 
much  of  the  deformation  of  Archean  rocks  may  be  due  to  earlier  mountain- 
making  disturbances.  There  was  a  long  period  of  erosion  at  the  close  of 
Archeozoic  time. 


CHAPTER  VIII 
THE  FORMATIONS  AND  HISTORY  OF  THE  PROTEROZOIC  ERA 

The  second  major  division  of  earth  history  that  is  decipherable  by 
study  of  rocks  exposed  at  the  earth's  surface  is  the  Proterozoic  era.  The 
name,  which  signifies  "very  early  life/'  is  appropriate  because  the  plants 
and  animals  of  this  time  were  assuredly  primitive  as  compared  with  later 
organisms.  Some  European  geologists,  mainly  British,  have  employed 
Proterozoic  in  a  different  sense  and  some  Americans  use  the  name  Algon- 
kian  as  applied  to  the  rocks  that  are  intermediate  in  age  between  Afchean 
and  Cambrian.  There  is  a  growing  tendency,  however,  to  define  Pro- 
terozoic as  we  shall  treat  it  here. 

Definition  and  General  Character  of  the  Proterozoic  Rocks. — The 
Proterozoic  rocks  include  all  of  the  stratified  rocks,  sedimentary  or 
extrusive  volcanic  in  origin,  that  occur  unconformably  above  the  com- 
plexly folded  and  metamorphosed  Archean  rocks  and  unconformably 
beneath  the  Cambrian;  and  in  addition  they  include  intrusive  igneous 
rocks  that  penetrate  these  post-Archean  rocks  but  do  not  intersect  Cam- 
brian or  younger  strata.  The  Proterozoic  age  of  the  intrusive  rocks  is 
clearly  shown  where  they  invade  Proterozoic  sediments  and  show  effects 
of  erosion  preceding  Cambrian  sedimentation;  but  in  certain  cases,  as 
where  post-Proterozoic  strata  are  absent  in  a  region,  it  may  not  be  pos- 
sible to  differentiate  Proterozoic  from  younger  intrusive  igneous  rocks. 

In  general,  the  Proterozoic  rocks  offer  strong  contrast  to  the  Archean 
rocks,  for  the  former  are  dominantly  sedimentary  in  origin,  comparatively 
simple  in  structure  except  locally,  and  as  a  whole  little  altered  by  meta- 
morphism,  while  the  latter  are  mainly  igneous,  highly  metamorphosed, 
and  very  complex.  It  is  true  that  sandstones  have  commonly  been 
changed  to  quartzites,  shales  to  slaty  rocks,  and  limestones  to  marble, 
but  only  in  part  has  folding  been  extreme  and  the  effects  of  heat  and  pres- 
sure such  as  to  produce  well-defined  schistosity.  In  some  regions,  as 
east  of  Lake  Huron,  metamorphism  of  the  Proterozoic  rocks  is  so  extreme 
that  it  is  all  but  impossible  to  distinguish  them  from  the  Archean  rocks. 

The  Proterozoic  formations  are  distinguished  from  Paleozoic  and 
younger  rocks  mainly  by  the  nearly  complete  absence  of  fossils.  There 
are  very  thick  deposits  of  conglomerate,  quartzite,  slaty  shale,  limestone, 
and  red  beds;  and  in  places  there  are  sheets  of  glacial  debris,  hardened 
and  cemented  into  stone  (tillite).  Another  important  type  of  sedi- 
mentary deposit  is  one  consisting  largely  of  iron  compounds  from  which 
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great  quantities  of  iron  ore  have  been  derived.  Among  igneous  rocks 
there  are  granites,  dark-colored  intrusives  (diabase,  gabbro),  porphyries; 
and  lavas.  The  dark-colored  basic  rocks  are  associated  in  many  places 
with  occurrence  of  valuable  mineral  deposits,  including  especially  silver, 
copper,  and  nickel. 

Stratigraphic  Relations. — The  Proterozoic  rocks  rest  on  granite  or 
schist  of  Archeozoic  age,  from  which  they  are  separated  by  a  profound 
erosional  unconformity.  The  magnitude  of  the  unconformity  is  indicated 
by  the  fact  that  both  granite  and  schist  are  deep-seated  rock  types  which 


FIG.  36. — Ripple-marked  Proterozoic  quartzite  in  the  Medicine  Bow  Mountains,  Wyoming. 
''  (W.  C.  Alden,  U.  S.  GeoL  Survey.) 

can  normally  be  exposed  at  the  earth's  surface  only  by  erosion  of  the  great 
thickness  of  rock  that  formerly  covered  them.  The  erosion  that  preceded 
Proterozoic  sedimentation  produced  in  most  places  an  even,  nearly  plane 
surface  intersecting  rocks  of  different  hardness,  and  the  originally  hori- 
zontal or  nearly  horizontal  attitude  of  this  erosion  surface  is  proved  by 
the  fact  that  bedding  planes  in  the  immediately  overlying  Proterozoic 
strata  are  essentially  parallel  to  it. 

The  unconformity  at  the  top  of  the  Proterozoic  formations  cuts  across 
layers  of  different  age,  from  youngest  to  oldest.  In  places,  as  in  parts 
of  the  Lake  Superior  region  and  in  western  Montana  and  Alberta,  there 
is  only  slight  difference  in  the  attitude  of  the  Proterozoic  and  overlying 
Paleozoic  sediments.  Elsewhere,  the  older  rocks  are  steeply  inclined, 
while  the  Cambrian  and  younger  strata  may  be  nearly  horizontal. 
Where  Proterozoic  rocks  have  been  entirely  removed  by  erosion  or  where 
they  were  never  deposited,  Paleozoic  or  younger  beds  may  rest  directly 
on  Archean  rocks.  The  general  smoothness  of  the  post-Proterozoic 
erosion  surface  indicates  prolonged  exposure  to  atmospheric  agencies  and 
thorough  peneplanation,  but  locally  there  are  hills  of  hard  Proterozoic 
rocks  that  were  not  obliterated  befpre  burial  by  younger  sediments. 

Distribution  of  Proterozoic  Rocks. — Rocks  of  Proterozoic  age  are 
widely  exposed  in  parts  of  the  Canadian  Shield.     They  have  been  most 


84  THE  PR  E-C  AM  BRIAN  ERAS 

studied  in  the  neighborhood  of  Lake  Superior  and  Lake  Huron,  while 
-very  little  indeed  is  known  of  exposures  in  northern  parts  of  the  continent. 
The  Adirondack  Mountains  in  northeastern  New  York  consist  of  Gren- 
ville  sediments  and  intrusive  igneous  rocks  of  post-Grenville  age  that  may 
be  Proterozoic.  The  easternmost  part  of  the  Appalachian  Mountains 
and  the  Piedmont  province  contain  extensive  outcrops  of  Proterozoic 
rocks. 

Small  areas  of  pre-Cambrian  rocks  consisting  of  intrusive  igneous 
rocks  or  highly  metamorphosed  schist  occur  in  local  uplifts  of  the 
continental  interior,  as  in  the  Ozarks,  Black  Hills,  southern  Oklahoma, 
and  central  Texas.  They  may  be  of  Proterozoic  age,  but  it  is  possible 
that  they  are  partly  or  wholly  Archean.  The  same  is  true  of  a  consider- 
able part  of  the  crystalline  core  of  the  Rocky  Mountains,  although  in 
parts  of  Wyoming,  Colorado,  and  various  other  places  there  are  extensive 
exposures  of  very  thick  Proterozoic  quartzites,  slates,  and  limestones. 

The  Grand  Canyon  region  affords  excellent  sections  of  a  thick  series 
of  Proterozoic  sediments  which  rest  unconformably  on  Archean  crystalline 
rocks.  The  greatest  thickness  of  Proterozoic  rocks  in  western  North 
America  is  found  in  the  Belt  series,  consisting  of  thousands  of  feet  of 
quartzite,  slaty  shale,  and  limestone,  which  occurs  in  western  Montana, 
northern  Idaho,  Alberta,  and  British  Columbia.  These  rocks  are 
especially  well  exposed  in  Glacier  National  Park. 

The  original  distribution  of  Proterozoic  rocks  in  North  America  and 
the  places  where  Proterozoic  sediments  are  present  beneath  concealing 
Paleozoic  or  younger  rocks  can  only  be  guessed.  The  original  extent  of 
these  rocks  was  certainly  vastly  greater  than  their  present  area  of  outcrop. 

Factors  Controlling  the  Nature  of  Proterozoic  Outcrops. — The  areas 
at  the  earth's  surface  where  Proterozoic  rocks  now  appear  are  controlled 
or  modified  by  many  factors.  First,  of  course,  possible  outcrop  areas  are 
limited  to  places  where  Proterozoic  rocks  were  once  present  and  from 
which  they  have  not  been  removed  subsequently  by  erosion.  The 
geographic  extent  and  shape  of  the  outcrop  area  and  the  nature  of  contacts 
with  other  formations  depend  in  varying  degree  on  (1)  geologic  structure, 
including  attitude  of  the  rock  strata,  interruption  b^  faulting  or  igneous 
intrusion,  and  unconformities,  (2)  thickness  of  Proterozoic  rocks,  and  (3) 
topography.  The  governing  conditions  are  essentially  geometrical  and 
therefore  apply  to  any  group  of  rocks.  As  commonly  understood, 
"outcrop"  includes  the  area  in  which  the  rock  formation  is  actually 
exposed  or  is  concealed  only  by  soil  cover.  The  soil-mantled  areas 
commonly  exceed  greatly  the  rock  exposures,  as  in  much  of  the  Canadian 
Shield  where  forests,  swamps,  and  lakes  add  difficulty  to  geological  field 
work. 

In  the  case  of  the  Proterozoic  rocks,  outcrops  are  commonly  bordered 
on  one  side  by  exposures  of  Archean  rocks  and  on  the  other  by  post- 
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Proterozoic  strata  (Fig.  37 A,  B) ;  this  is  in  accordance  with  the  age  succes- 
sion of  the  rocks.     In  many  places,  however,  owing  to  folding,  faulting, 


Slate -Shale 
'Sandsfone-Quartzite 

FIG.  37. — Diagrams   showing    the   stratigraphic    relations    of    Proterozoic    formations    to 

older  and  younger  rocks,  and  consequent  effects  on  outcrops. 

(4)  Proterozoic  beds  between  Archeozoic  and  Paleozoic  rooks.  Note  differences  in  structure. 
(8)  Similar  to  (A),  but  the  Paleozoic  rocks  overlap  the  Proterozoic  formations.  (O  Proterozoic 
outcrops  surrounded  by  Archeozoic  rocks,  the  location  of  the  Proterozoic  areas  being  due  mainly  to 
structure.  (D)  The  same,  but  location  of  Proterozoic  areas  being  due  mainly  to  topography.  (E) 
Archeozoic  outcrop  surrounded  by  Proterozoic  outcrops.  (F)  Proterozoic  outcrop  surrounded  by 
Paleozoic  outcrops.  (0)  This  diagram  shows  possiole  relations  of  Archeozoic  and  Proterozoic  rocks  to 
post- Proterozoic  igneous  intrusions.  (//)  Proterozoic  rocks  overlying  Mesozoic  strata,  due  to  thrust- 
faulting.  This  relationship  is  observed  along  the  Lewis  overthrust  near  Glacier  National  Park.  (/) 
Proteroaoic  rocks  in  a  part  of  the  Grand  Canyon. 

and  erosion,  exposures  of  Proterozoic  rocks  may  be  entirely  surrounded 
by  Archean  (Fig.  37CY,  D).  Proterozoic  outcrops  may  enclose  Archean 
(Fig.  37E)  or  may  be  surrounded  by  Paleozoic  or  younger  rocks  (Fig. 
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37 F).  It  is  well  to  review  these  different  relationships,  readily  understood 
though  they  are,  for  all  are  significant  from  the  viewpoint  of  geologic 
history. 

Subdivisions. — The  Proterozoic  rocks  are  divisible  into  major  and 
minor  parts  that  are  established  on  the  basis  of  lithologic  character,  on 
the  occurrence  of  unconformities,  and  to  some  extent  on  regional  geologic 
structure.  Igneous  rocks  are  differentiated  from  those  of  sedimentary 
origin,  and  their  relative  age  is  ascertained  by  observation  of  contacts 
with  the  associated  strata.  Divisions  based  on  kind  of  rocks  constitute 
formations.  The  unconformities  are  of  special  importance  because  they 
interrupt  the  rock-forming  processes  and  afford  basis  for  separation  of 
the  strata  into  large  natural  units.  In  some  cases  the  erosion  which 
made  an  unconformity  was  preceded  by  folding  of  the  rock  strata,  and 
possibly  by  intrusion  of  igneous  rocks,  and  by  metamorphism.  In  these 
cases  the  unconformity  is  striking,  for  when  sedimentation  was  resumed 
after  the  time  of  erosion,  the  younger  strata  were  deposited  across  the 
eroded  edges  of  the  older  rocks.  If  there  was  igneous  activity,  the 
younger  rocks  may  rest  in  places  on  the  eroded  surface  of  intrusive  igneous 
rocks. 

The  lithologic  character  of  the  formations,  their  sequence,  structure, 
and  the  interruptions  marked  by  unconformities  are  all  significant  in 
interpreting  physical  history.  The  nature  of  the  formations  is  likely  to 
vary  from  place  to  place,  however,  and  the  unconformities  that  define 
major  groups  in  one  Proterozoic  area  may  not  be  recognizable  in  another, 
especially  if  there  is  great  distance  between  the  areas.  Consequently, 
it  is  necessary  to  study  each  of  the  main  Proterozoic  areas  independently 
and  then  to  compare  the  records  as  closely  as  possible.  The  most  com- 
plete record  of  conditions  and  events  in  Proterozoic  time  is  afforded  by 
the  largest  areas  of  exposed  Proterozoic  rocks,  which  in  North  America 
occur  in  the  southern  part  of  the  Canadian  Shield.  This  region,  which 
has  been  studied  in  more  detail  than  any  other,  is  considered  to  offer  the 
type  Proterozoic  section.  In  this  section  five  main  units  or  systems  of 
rocks  may  be  distinguished;  in  order  from  oldest  to  youngest,  these  are 
the  Timiskaming,  Lower  Huronian,  Middle  Huroniatn,  Upper  Huronian 
(Animikian),  and  Keweenawan.  -- 

PROTEROZOIC  ROCKS  OF  THE  CANADIAN  SHIELD 

Consideration  of  the  Proterozoic  rocks  of  the  Canadian  Shield  is 
naturally  divided  into  two  or  perhaps  three  parts,  because  the  areas  in 
which  fairly  accurate  knowledge  is  available  are  geographically  separated 
by  large  areas  of  granite,  by  unexplored  territory,  or  by  a  covering  of 
Paleozoic  rocks  and  water  of  the  Great  Lakes.  The  nature  of  the  rocks 
that  are  found  in  these  areas  differs  to  some  extent,  and  the  problem  of 
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determining  the  age  and  correlation  of  equivalent  rocks  in  the  different 
districts  remains  in  part  to  be  solved. 

The  first  of  the  Proterozoic  areas  that  we  may  differentiate  is  the 
Timiskaming  region  which  lies  in  western  Ontario  due  north  of  Lake 
Huron.  It  includes  the  original  Huronian  area  where  stratified  rocks 
younger  than  Archean  and  older  then  the  Cambrian  were  first  recognized 
by  Logan.  Partly  because  of  important  deposits  of  gold,  silver,  nickel, 
and  other  metals  in  this  district,  Canadian  geologists  have  given  much 
study  to  this  territory,  but  it  is  by  no  means  completely  surveyed. 

A  second  important  region  lies  southwest  and  in  part  northwest  of 
Lake  Superior.  It  is  termed  the  Lake  Superior  region,  and  because  of 
great  deposits  of  iron  and  copper  it  has  been  specially  studied  by  many 
geologists  of  the  United  States. 

A  possible  third  region  is  the  St.  Lawrence  country,  including  both  a 
part  of  eastern  Ontario  and  the  Adirondack  region  in  northeastern 
New  York.  The  rocks  of  this  district  have  been  generally  thought  to 
belong  mostly  to  the  Archean,  but  it  is  possible  that  they  are  actually 
Proterozoic. 

The  Timiskaming  Region 

The  Timiskaming  region  comprises  a  part  of  western  Ontario,  extend- 
ing some  300  miles  eastward  from  the  southeast  shores  of  Lake  Superior 
and  about  100  miles  northward  from  Georgian  Bay  which  adjoins  Lake 
Huron  on  the  north  and  east.  As  indicated  by  the  nature  and  thickness 
of  the  rock  formations  and'by  their  structure  and  relations  to  one  another, 
the  Proterozoic  history  of  this  part  of  the  Canadian  Shield  is  very  long 
and  complex. 

1  Timiskaming  System. — Resting  unconformably  on  crystalline  and 
highly  metamorphosed  rocks  of  Archean  age  is  a  thick  system  of  sedimen- 
tary rocks  that  has  been  called  Timiskaming  (or  "  pre-Huronian  series/7 
by  some  Canadian  geologists).  The  sediments  consist  of  conglomerate, 
quartzite,  graywacke,1  and  slate,  and  their  total  thickness  is  at  least 
several  thousand  feet.  These  strata  have  been  extensively  folded  and 
considerably  metamorphosed,  and  accordingly  the  rocks  now  appear  in 
steeply  dipping  layers.  Various  locally  named  rocks  (Sudbury,  Steep- 
rock,  and  Seine  series,  etc.)  have  been  correlated  with  the  Timiskaming 
rocks  (E.  S.  Moore,  1929). 

Folding  of  Timiskaming  Rocks  and  Intrusion  of  Algoman  Granite. — 
The  fact  that  folding  and  metamorphism  of  the  Timiskaming  rocks 
occurred  before  the  deposition  of  the  next  younger  system  of  sediments 
found  in  this  region  is  shown  by  the  observations  that  (1)  the  folded  and 

1  Graywacke  is  a  somewhat  metamorphosed  shaly  sandstone,  generally  gray  in 
color,  containing,  besides  quartz  grains,  abundant  feldspar  and  other  minerals  and 
small  rock  fraffments. 
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metamorphosed  pre-Huronian  or  Timiskaming  rocks  are  unconformably 
overlain  by  the  Huronian,  and  (2)  the  Timiskaming  rocks  are  observed 
in  places  to  be  penetrated  by  intrusions  of  granite  which  are  older  than 
the  Huronian.  The  granite  not  only  fails  to  penetrate  the  Huronian 
rocks  but  forms  part  of  the  surface  on  which  these  younger  strata  were 
deposited.  The  intrusions  are  obviously  much  younger  than  those  called 
Laurentian,  of  Archean  age,  because  they  invade  parts  of  this  post- 
Archean  sedimentary  system.  The  post-Timiskaming  granite  has  been 
named  the  Algoman  granite. 

History  of  Timiskaming  Time. — The  history  indicated  by  the  rocks 
described  includes  deposition  of  a  huge  thickness  of  sediments  derived 
by  erosion  of  Archean  rocks  in  portions  of  the  continent  that  stood  rela- 
tively higher.  Parts  of  the  deposits  may  have  been  stream-laid,  but 
probably  most  of  them  were  formed  at  the  bottom  of  a  shallow  sea  that 
flooded  the  borders  of  the  Canadian  Shield.  Some  beds  may  be  of 
glacial  origin  (Ooleman).  The  sediments  accumulated  on  an  extensive 
erosion  surface  that  had  been  formed  at  the  close  of  Archean  time.  After 
Timiskaming  deposition  there  was  considerable  crustal  disturbance  which 
folded  and  faulted  the  rocks  profoundly  and  there  were  large  intrusions  of 
granitic  magma.  These  igneous  intrusions  contributed  to  the  metamor- 
phism  of  the  pre-Huronian  rocks.  Then  there  was  general  and  very 
prolonged  erosion  which  largely  obliterated  hills  and  mountains  that  had 
been  formed.  The  land  surface  on  which  the  Huronian  deposits  were 
laid  down  was  essentially  horizontal,  as  shown  by  the  fact  that  stratifica- 
tion planes  in  the  lower  part  of  the  Huronian' system  are  approximately 
parallel  to  the  underlying  old-rock  surface.  According  to  Canadian 
geologists,  the  pre-Huronian  erosion  interval  was  one  of  the  most  impor- 
tant in  the  pre-Cambrian  history  of  this  region. 

Huronian  System. — The  succession  of  rocks  called  Huronian  rests 
unconformably  on  the  plane  of  erosion  which  was  developed  after  Timis- 
kaming sedimentation  and  the  subsequent  folding  and  granitic  intrusion. 
The  deposits  consist  of  conglomerate,  quartzite,  marble,  and  graywacke, 
their  total  thickness  in  this  region  being  approximately  12,000  feet.  In 
different  places  the  Huronian  rests  on  different  kinds  of  older  rocks,  and, 
accordingly,  the  conglomerates  at  the  base  of  the  IJuronian  contain 
pebbles  and  cobbles  of  many  kinds  derived  from  these  pre-Huronian 
rocks. 

Many  of  the  sedimentary  rocks  have  a  decidedly  modern  appearance, 
which  indicates  that  essentially  the  same  conditions  and  processes  were 
operative  in  Huronian  time  as  have  characterized  much  later  parts  of 
geologic  time. 

Bruce  and  Cobalt  Series. — The  presence  of  an  important  disconformity 
within  the  Huronian  rocks  of  the  Timiskaming  region  shows  that  sedi- 
mentation was  interrupted  for  a  time  and  that  in  places  a  considerable 
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part  of  the  Lower  Huronian  (Bruce  series)  sediments  was  removed  by 
erosion  before  sedimentation  was  resumed  (Cobalt  series).  The  fact 
that  the  rocks  above  and  below  the  disconformity  are  essentially  parallel 
indicates  absence  of  folding  of  the  older  series. 

Glacial  Deposits  of  the  Cobalt  Series. — The  first  deposit  above  the 
disconformity  consists  of  a  boulder  conglomerate  which  is  really  a 
solidified  deposit  of  glacial  till  (tillite)  and  associated  water-laid  sediments. 
This  tillite  contains  striated  stones,  which  with  the  presence  of  large 
boulders  of  different  kinds  of  rock  and  other  physical  characters  of  the 
deposit  clearly  indicate  action  of  continental  glaciers.  The  deposit  is 


FKJ.  #8. — Steeply  folded  and  metamorphosed  Huronian  limestone  on  the  northeast 
shore  of  Lake  Huron.  The  even  skyline  shows  part  of  the  Lauren tian  peneplain.  (T.  T. 
Quirke,  GeoL  Survey  Canada.} 

traceable  for  some  hundreds  of  miles  in  the  country  north  of  Lake  Huron, 
and  it  is  doubtfully  recognized  also  far  to  the  northeast  of  this  area. 
Animikian  System. — The  Animikian  rocks  (Whitewater  series)  con- 
sist of  about  1,500  to  9,500  feet  of  quart zite,  black  slate,  and  in  places 
iron-containing  rocks  which  rest  unconformably  on  the  eroded  surface 
of  the  Huronian  and  older  rocks  that  have  been  described.  The  uncon- 
formity at  the  base  of  the  Animikian  points  to  general  uplift  of  the  land 
accompanied  by  widespread  erosion.  In  most  places  the  Animikian  rocks 
are  very  little  disturbed  and  have  suffered  almost  no  metamorphism. 
They  are  the  youngest  Proterozoic  sedimentary  rocks  in  the  Timiskaming 

region. 

Late  Proterozoic  Igneous  Intrusions   (Killarney  Granite) .—In  the 

country  to  the  west  and  south,  around  Lake  Superior,  there  is  a  pre- 
Cambrian  system  of  great  thickness  (Keweenawan)  which  is  younger 
than  the  Animikian.  Because  this  Late  Proterozoic  time  was  especially 
marked  by  igneous  activity  it  is  probable  that  intrusions  of  similar 
igneous  rock  in  the  Timiskuming  region,  intersecting  Animikum  MIK! 
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older  rocks,  may  be  of  Keweenawan  age.  These  igneous  intrusions 
(diabase,  norite,  etc.)  are  responsible  for  some  of  the  great  metalliferous 
deposits  in  this  part  of  Canada,  as  the  nickel-copper  of  the  Sudbury 
district  and  the  rich  silver  veins  of  the  Cobalt  area.  In  addition  to  the 
dark-colored  rocks  associated  with  these  metallic  deposits,  there  are 
great  intrusions  of  still  younger  granite,  called  the  Killarney  granite, 
which  cut  through  and  extensively  affect  the  Huronian  rocks,  especially 
in  the  southeast  part  of  this  region. 

The  Lake  Superior  Region 

The  Proterozoic  formations  of  the  Lake  Superior  region  have  been 
divided  into  four  systems  that  are  separated  from  one  another  by  uncon- 
formities. The  systems  are  named,  in  upward  order,  Lower  Huronian, 
Middle  Huronian,  Upper  Huronian  (Animikian),  and  Keweenawan. 
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FIG.  39. — Map  of  Lake  Superior  district  showing  chief  iron  and  copper  districts. 

Not  all  of  these  four  are  present  in  all  parts  of  the  Lake  Superior  region. 
There  is  doubt  as  to  the  exact  relationships  of  some  0f  the  rocks  called  , 
Huronian  in  the  Lake  Superior  country  to  those  of  the  type  region  north 
of  Lake  Huron,  but  some  formations  of  the  two  regions  are  correlated 
fairly  definitely  (for  example,  Mesnard  quartzite  and  Mona  dolomite  of 
the  Lake  Superior  Lower  Huronian  with  the  Mississagi  quartzite  and 
Bruce  limestone  of  the  Lake  Huron  Bruce  series).  The  " Lower  and 
Middle  Huronian  "  of  the  Lake  Superior  region  probably  corresponds  to 
the  type  Huronian  of  the  Timiskaming  region,  while  equivalents  of  the 
Timiskaming  beds  are  possibly  found  in  the  so-called  Knife  Lake  series  of 
the  western  Proterozoic  area.  On  the  other  hand,  the  Knife  Lake  beds 
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have  been  correlated  also  with  the  Lower-Middle  Huronian.  The  rocks 
called  Upper  Huronian  or  Animikian  around  Lake  Superior  are  thought 
to  correspond  to  those  termed  Animikian  in  the  Canadian  area.  The 
thick  series  of  Keweenawan  sedimentary  and  volcanic  rocks,  which  is 
found  along  the  shores  of  Lake  Superior,  is  apparently  not  represented  in 
the  Timiskaming  country  except  by  certain  intrusive  rocks.  In  general, 
the  Huronian  rocks  are  characterized  by  prevailing  gray  and  green 
colors,  by  evidence  of  deposition  in  extensive  water  bodies,  and  by  altera- 
tion due  to  metamorphic  agencies;  the  Keweenawan,  on  the  other  hand,  is 
conspicuously  reddish  in  color,  distinguished  by  prominence  of  stream- 
laid  sediments,  and  little  affected  by  metamorphism. 

The  Huronian  Systems.  Lower  Huronian  System. — The  Lower 
Huronian  rocks  consist  of  conglomerate,  quartzite,  slate,  and  dolomite; 
locally  there  are  iron-bearing  strata  and  igneous  rocks  of  various  sorts. 
A  long  time  of  erosion  preceded  Lower  Huronian  sedimentation,  and 
accordingly  the  base  of  this  system  is  in  contact  with  many  different 
Archean  rocks.  The  basal  Huronian  beds  are  commonly  conglomeratic, 
with  pebbles  of  granite,  schist,  and  other  Archean  rocks.  Some  of  these 
beds  may  be  continental,  but  the  majority  of  the  Huronian  sediments 
are  probably  marine. 

Middle  HunM^^  deposits  similar  to  those  of 

the  LowerTfuronian  compose  the  Middle  Huronian  system,  but  a  wide- 
spread interruption  in  sedimentation  is  shown  by  the  unconformity  at 
its  base.  In  places  the  older  rocks  were  folded  before  the  erosion  which 
preceded  the  Middle  Huronian  time  of  rock  formation.  The  sources  of 
the  Middle  Huronian  sediments  consist  not  only  of  exposed  Archean 
rocks  but  of  parts  of  the  Lower  Huronian  as  well.  Iron-bearing  forma- 
tions are  very  much  more  important  in  the  Middle  Huronian  than  in  the 
lower  system;  it  is  from  the  Middle  Huronian  that  by  far  the  greater 
part  of  the  commercial  iron  ore  of  the  Lake  Superior  region  is 
derived. 

Upper  Huronian  (Animikian)  System^ — Quartzite,  slate,  and  iron 
formatfonsTwith  basIc^Volcamc  rocks  in  some  places,  compose  the  Upper 
Huronian  or  Animikian  system.  Slate  is  the  most  important  kind  of 
rock,  and  it  is  the  thickest  and  most  extensive  of  the  Huronian  depositc 
in  the  Lake  Superior  region.  Most  of  the  slate  is  apparently  of  deltaic 
origin.  The  Upper  Huronian  rests  unconformably  on  Middle  or  Lower 
Huronian  or  occurs  directly  on  the  Archean.  The  unconformity  at  the 
base  furnishes  record  of  the  time  of  erosion  which  intervened  between  this 
system  and  the  one  preceding.  Erosion  of  adjacent  unsubmerged  lands 
during  Animikian  time  supplied  the  sediments,  which  means  that  the 
source  of  the  materials  was  any  of  the  exposed  older  formations.  Locally 
there  are  sills  and  flows  of  basic  igneous  rocks,  and  in  a  few  places  there 
are  granitic  intrusions. 
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Iron  Ore. — A  remarkable  feature  in  the  geologic  history  of  the  Lake 
Superior  region  is  the  formation  of  tremendous  quantities  of  iron-bearing 
rocks.  The  iron  formations  have  an  aggregate  thickness  totaling  several 
hundreds  of  feet  and  they  originally  covered  many  thousands  of  square 
miles.  The  iron,  probably  derived  from  the  iron-rich  igneous  rocks  that 
were  brought  to  the  surface  during  Proterozoic  time,  was  carried  in  solu- 
tion in  the  water  bodies  where  the  formations  accumulated.  It  was 
precipitated  chemically  or  through  the  agency  of  bacteria  as  iron  silicate 
or  iron  carbonate.  Subsequently,  but  before  Paleozoic  time,  oxidation 
of  these  compounds  changed  them  to  cherty  hematite  and  similar  very 


FIG.  40. —Open-pit  iron  mine  in  the  Mesabi  district,  near  Ilihhmg,  Minn.      (H.  7  .  ('ham- 
berlin,  from  Chamberlin  and  Salisbury,  Historical  Geology,  Henry  Holt  &  Company.) 

ferruginous,  siliceous  rock.  Along  outcrops  of  the  iron  formations,  which 
are  narrow  and  elongate  because  of  steep  folding,  ground  water  has 
slowly  dissolved  away  the  siliceous  impurities,  leaving  the. iron  oxide 
behind.  The  iron  has  thus  accumulated  as  a  residue  and  is  sufficiently 
concentrated  in  several  districts  to  form  a  high-grade  ore.  The  work  of 
solution  has  rendered  the  ore  in  many  places  so  soft  Uuit  it  can  be  mined 
with  steam  shovels  and  loaded  directly  in  cars  that  are  run  into  great 
open  pits.  ' 

The  Lake  Superior  region  produces  about  85  per  cent  of  the  iron  ore  of  the  United 
States.  Iron  mining  began  in  the  Marquette  district  of  Michigan  in  1848.  Other 
important  districts  are  the  Menorninee,  opened  in  1872,  Crystal  Falls  and  Iron  River 
(1880),  Gogebic  (1884),  Vermilion  (1885),  Mesabi  (1801),  ami  Cuymia  (1903).  Most 
of  the  iron-bearing  formations  are  of  Huronian  age,  but  (hose  of  the  Vermilion  district 
are  Archean.  More  than  1,500  million  tons  of  iron  ore  have  been  produced  in  the 
Lake  Superior  region. 

Thicknexx  of  Formation*.  -The  thickness  of  forum  lions  in  Hie  Huron- 
ian of  I  he  Luke  Superior  country  changes  from  place  to  place  and  because 
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of  deformation  of  the  rocks  and  extensive  cover  by  glacial  drift  exact 
measurements  are  often  difficult  to  make.  The  total  thickness  o£  the 
Huronian  systems  in  most  parts  of  the  region  ranges  from  about  4,000  to 
9,000  feet,  but  in  the  Gogebic  district  of  northern  Wisconsin  the  thickness 
may  be  12,000  to  15,000  feet.  The  accumulation  of  this  great  thickness, 
including  some  types  of  rock  that  probably  were  formed  only  very  slowly, 
indicates  that  this  part  of  Proterozoic  time  was  extremely  long,  and  there 
is,  of  course,  no  measure  of  the  time  represented  by  the  unconformities 
that  separate  the  systems. 

Folding  and  Intrusion. — The  Lower  Huronian  rocks  were  folded,  and 
werelntFuded  by  batholithic  masses  of  granite,  and  then  were  beveled  by 
the  erosion  that  preceded  Middle  Huronian  deposition.  The  Middle 
Huronian  in  turn  shows  in  some  places  folding  and  intrusion  by  igneous 
rocks  which  affected  it  and  the  preceding  systems  but  came  before  the 
Upper  Huronian.  Again,  the  Upper  Huronian  is  cut  by  still  younger 
granites,  which  belong  to  the  closing  part  of  Proterozoic  time  or  are  not 
determined  exactly  as  to  age. 

Keweenawan  System.  Distribution  and  General  Character. — On  the 
south  side  of  Lake  Superior  in  northern  Michigan,  where  Keweenaw 
Peninsula  projects  like  a  thumb  toward  the  center  of  the  lake,  and  in 
some  other  parts  of  the  Lake  Superior  region,  is  a  great  thickness  of  strata 
that  have  been  called  the  Keweenawan  system.  These  beds,  consisting 
mainly  of  lava  flows  and  intrusive  sills  or  laccoliths  in  the  lower  part, 
rest  unconformably  on  Animikian  to  Archean  rocks  and  occur  uncon- 
formably  beneath  the  Cambrian.  The  igneous  rocks  are  mostly  dark- 
colored  and  basaltic  in  character.  In  the  lower  part  of  the  series  one 
lava  flow  rests  directly  on  another  or  is  separated  only  by  a  thin  deposit 
of  sand  and  gravel,  which  shows  that  not  very  much  time  elapsed  between 
successive  flows.  North  of  Lake  Superior,  however,  in  the  Nipigon 
region,  there  is  a  considerable  thickness  of  sediments,  including  lime- 
stones, at  the  base  of  the  Keweenawan  system. 

Higher  in  the  Keweenawan  system  the  proportion  of  sedimentary  rock 
increases  and  there  was  evidently  a  correspondingly  longer  interval 
between  the  volcanic  eruptions.  The  uppermost  part  of  the  system 
consists  almost  entirely  of  reddish-brown,  yellowish,  and  purplish  sand- 
stones and  conglomerates  of  nonmarine  origin,  without  intervening  lava 
flows.  These  sedimentary  rocks  were  largely  derived  from  disintegration 
of  the  older  Keweenawan  lava  flows  and  other  Proterozoic  rocks  of  the 
region.  They  appear  to  have  been  deposited  under  semiarid  conditions. 

The  Lower  Keweenawan  rocks  are  commonly  tilted  and  truncated  by 
erosion,  the  unconformity  at  the  base  of  the  Cambrian  being  strongly 
defined;  the  Upper  Keweenawan,  however,  lies  nearly  if  not  quite  parallel 
to  overlying  Cambrian  sandstones.  Since  the  known  Cambrian  of  the 
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Lake  Superior  region  belongs  entirely  to  the  upper  part,  of  that  system, 
it  is^  possible  that  some  of  the  Late  Keweenawan  beds  may  actually  be 
equivalent  in  age  to  Middle  or  Lower  Cambrian  deposits  elsewhere,  but 
no  fossils  have  been  found  in  the  Keweenawan  to  substantiate  this. 

Thickness. — The  Keweenawan  rocks  are  very  thick,  measuring  as 
much  as  15,000  feet  in  many  places.  In  parts  of  northern  Wisconsin 
and  Michigan  the  total  thickness  has  been  reported  to  be  as  much  as 
50,000  feet.  It  is  certain  that  accumulation  of  successive  sheets  of  lava 
could  produce  a  very  great  thickness  of  rock  in  a  relatively  short  period 
of  geologic  time  if  volcanic  activity  continued,  and  there  are  indications 
that  the  Keweenawan  sediments  were  deposited  rapidly.  However, 
Keweenawan  time  surely  represents  several  millions  of  years,  and  there 
must  have  been  a  general  slow  subsidence  of  the  earth  crust  beneath  the 
area  of  lava  flows  and  sediments.  It  is  possible  that  the  larger  thickness 
determinations  cited  are  considerably  too  great,  owing  to  (1)  errors  in 
field  observations,  including  undetected  changes  in  the  dip  of  the  rocks  or 
duplication  of  beds  by  faulting,  and  (2)  reckoning  of  apparent  rather  than 
actual  thickness,  if  the  layers  have  a  shingled,  foreset  structure.  On  the 
other  hand,  it  is  possible  that  the  Keweenawan  rocks  are  as  thick  as  they 
appear  to  be,  in  which  case  the  earth  crust  beneath  them  must  have 
subsided  greatly,  and  about  as  rapidly  as  these  late  Proterozoic  rocks 
were  formed. 

Igneous  Activity. — The  enormous  igneous  activity  which  is  evidenced 
by  the  Keweenawan  lava  flows  constitutes  one  of  the  major  known 
records  of  vulcanism  during  earth  history.  The  igneous  action  was  not 
limited  to  surface  extrusions,  for  in  the  country  around  the  west  end  of 
Lake  Superior  is  one  of  the  largest  single  intrusive  masses  known  (Duluth 
gabbro),  having  an  original  areal  extent  of  approximately  15,000  square 
miles  and  an  estimated  thickness  of  several  thousand  feet.  Like  the 
Keweenawan  flows,  the  intrusive  mass  is  comparatively  basic  and  is 
termed  a  gabbro.  Other  intrusions  of  granitic,  batholithic  nature 
(Killarneyan)  appear  to  belong  at  the  close  of  Keweenawan  time.  The 
kind  of  igneous  rocks  of  Keweenawan  age  and  the  minerals  in  them  are 
essentially  the  same  in  the  Lake  Superior  and  Timiskaming  regions. 

Copper. — The  Keweenawan  rocks  of  northern  Michigan  are  especially 
noteworthy  on  account  of  the  presence  in  them  of  enormous  quantities 
of  native  copper.  The  copper  occurs  as  fillings  of  small  cavities  in  the 
lava  rocks  and  in  pore  spaces  between  the  pebbles  of  conglomerates 
(lode  deposits),  and  as  vein  fillings  along  fractures  (fissure  deposits). 
The  copper,  like  most  metals  that  are  mined,  was  derived  originally 
from  igneous  magma,  and  it  was  deposited  by  solutions  that  probably 
came  mainly  from  the  great  intrusion  of  gabbro.  Mining  of  copper  began 
in  the  Keweenaw  district  in  1844  and  more  than  four  million  tons  of 
metallic  copper  have  been  produced  from  it  to  date. 
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Bollarneyan  Revolution. — The  intrusion  of  granite  batholiths  which 
cut  rocks  that  are  regarded  as  Keweenawan  in  age  and  the  structural 
disturbance  and  metamorphism  of  the  sedimentary  rocks  which  are 
associated  with  these  intrusions  are  indications  of  a  crustal  disturbance 
that  affected  much  of  the  southern  Canadian  Shield.  The  rocks  now 
seen  in  the  more  greatly  disturbed  areas  represent  merely  the  roots  of  a 
range  of  mountains,  probably  Late  Keweenawan  or  post-Proterozoic  in 
age,  which  extended  southwestward  from  the  Killarney  region  on  the 
north  side  of  the  present  Lake  Huron  to  the  country  south  of  Lake 
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FIG.   41. — Hills  of  Killarney  gramio    Kilhirney  Bay  on  the  northeast  shore  of  Lake  Huron, 
in  Ontario,  Canada.      (Collins  and  Quirke,  Geol.  Survey  Canada.) 

Superior,  and  possibly  much  farther  southwest.  The  mountains  perhaps 
reached  also  a  long  distance  east  of  Lake  Huron,  This  mountain-making 
movement  has  been  named  the  Killarneyan  revolution. 

The  Laurentian  Region 

Adjacent  to  the  St.  Lawrence  River  in  Quebec,  eastern  Ontario,  and 
northern  New  York  are  extensive  exposures  of  sedimentary  rocks, 
dominantly  calcareous,  called  the  Grenville  series.  They  are  intruded 
by  granitic  rocks  that  include  the  original  "Laurentian."  Recent 
studies  in  the  region  about  Georgian  Bay  between  the  Laurentian  and 
the  Timiskaming  districts  indicate  that  part  of  the  Grenville  is  equivalent 
to  the  Huronian.  If  this  is  true,  it  follows  that  the  granite  which  intrudes 
the  Grenville  is  younger  than  at  least  a  part  of  the  Huronian  and  probably 
corresponds  to  the  Killarney  granite  which  is  regarded  as  Keweenawan 
in  age.  * 

PROTEROZOIC  ROCKS  OF  OTHER  REGIONS 

Appalachian  Region.-  In  the  Piedmont  region  on  the  east  side  of  the 
Appalachian  Mountains,  Proterozoic  rocks  are  identified  in  many  places, 
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but  they  appear  to  be  more  highly  metamorphosed  than  in  most  parts  of 
the  southern  Canadian  Shield.  The  terrigenous  or  clastic  sediments  are 
largely  altered  to  schist,  and  limestone  beds  are  changed  to  marble.  Only 
one  Proterozoic  system  of  rocks  (Glen  Arm)  is  identified,  and  to  which 
of  the  systems  in  the  Lake  Superior-Huron  country  it  corresponds  cannot 
be  determined  definitely.  Proterozoic  deposits  in  southeastern  Pennsyl- 
vania, Maryland,  and  Virginia  are  estimated  to  have  a  thickness  of  8,000 
to  10,000  feet;  they  consist  dominantly  of  schist.  Near  the  base  are 
beds  of  marble  and  quartzite  with  interbedded  volcanic  rocks  which 
become  especially  important  toward  the  west.  The  Proterozoic  rests 
unconformably  on  gneiss  which  is  presumably  of  Archean  age,  and  it  is 
overlain  unconformably  by  Lower  Cambrian  strata. 

Farther  south,  in  the  Carolinas,  Georgia,  and  Alabama,  there  is  a  huge 
thickness  of  schistose  sediments  (Talladega)  that  have  been  overthrust 
westward  against  Cambrian  and  Lower  Paleozoic  rocks.  They  are 
probably  in  part  of  Proterozoic  age,  but  their  structure  is  so  complex 
that  it  is  difficult  to  determine  very  much  about  them.  Certainly  there 
was  very  great  deposition  of  sand,  silt,  clay,  and  some  limestone  in  this 
part  of  the  continent  early  in  geologic  history. 

It  is  possible  that  the  12,000  feet  or  more  of  quartzites,  conglomerates, 
and  dark  slaty  shales,  collectively  known  as  the  Ocoee  beds,  which  occur 
in  eastern  Tennessee,  western  North  Carolina,  and  northwestern  Georgia, 
are  Late  Proterozoic  in  age.  These  rocks  are  described  in  the  chapter  on 
the  Cambrian. 

Rocky  Mountain  Region.- -Very  thick  series  of  sedimentary  rocks  that 
rest  unconformably  on  granites  and  gneisses  of  probable  Archean  age  and 
that  are  overlain  unconformably  by  Cambrian  or  younger  rocks  occur  in 
parts  of  the  Rocky  Mountain  region.  These  have  been  studied  and 
described  in  parts  of  Colorado  and  Wyoming,  but  especially  in  Montana, 
Idaho,  Alberta,  and  British  Columbia.  In  the  latter  region  the  Proter- 
ozoic rocks,  known  as  the  Belt  series,  have  an  estimated  thickness  of 
approximately  30,000  feet.  In  this  series,  which  is  probably  of 
Keweenawan  age,  there  are  limestone  beds  totaling  thousands  of  feet  in 
thickness,  but  the  main  part  of  the  section  is  composed  of  quartzite  and 
argillite  (hard,  dense  clay  rock).  The  sediments  become  thicker  and 
coarser  toward  the  west,  indicating  that  their  source  lay  in  this  direction. 
There  are  abundant  ripple  marks,  mud  cracks,  and  cross-bedding,  which 
prove  that  the  sediments  were  deposited  in  shallow  water.  A  noteworthy 
fact  concerning  the  Belt  series  is  that  much  of  it  is  almost  horizontal. 
Although  there  has  been  uplift  amounting  to  thousands  of  feet  during 
subsequent  geologic  times  and  although  parts  of  the  Proterozoic  rocks 
have  been  shoved  laterally  a  distance  of  several  miles  and  thrust-faulted 
on  to  very  much  younger  strata,  the  Proterozoic  beds  of  the  Glacier 
National  Park  region  are  surprisingly  little  folded. 
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The  Needle  Mountains  of  southwestern  Colorado  contain  large 
exposures  of  a  tremendously  thick  series  of  quartzites  of  Proterozoic  age 
which  have  been  profoundly  folded.  The  folds  were  smoothly  beveled 
by  erosion  before  deposition  of  Cambrian  beds.  In  places  one  may 
see  horizontal  Paleozoic  rocks  resting  on  vertical  Proterozoic  strata. 

Grand  Canyon  Region. — The  exposures  of  Proterozoic  rocks  in  the 
Grand  Canyon,  already  noted,  are  interesting  because  of  the  great  bare 
rock  exposures  which  make  so  plain  the  nature  of  the  succession  of  these 
rocks  and  their  relation  to  the  Archean  and  the  Paleozoic  formations. 


FIG.  42. — Vertical  beds  of  Proterozoic  quartzite  in  Thompson  Canyon,  east  of  Rocky 
Mountain  National  Park,  Colorado.     (W.  T.  Lee,  U.  S.  Geol.  Survey.} 

The  presence  of  limestone,  shale,  and  quartzite,  and  of  red  beds  with 
ripple  marks  and  mud  cracks,  indicates  the  very  wide  variety  of  con- 
ditions of  sedimentation  that  existed  during  Proterozoic  time  in  this 
region.  Both  marine  and  nonmarine  conditions  appear  to  be  repre- 
sented. In  addition,  there  are  great  thicknesses  of  igneous  rocks,  both 
intrusive  and  extrusive. 

Europe. — Proterozoic  rocks  are  well-known  in  different  parts  of  Europe  but  are 
best  exposed  and  have  been  most  studied  in  Scotland  and  in  northern  Sweden  and 
Finland.  In  northwestern  Scotland  the  Proterozoic  consists  of  a  moderately  thick 
series  of  quartzitic  sandstone,  probably  of  Keweenawan  age,  which  rests  unconform- 
ably  on  a  complex  of  gneisses,  granites,  quartzites,  iron  formations,  and  other  rocks, 
which  may  be  of  Huronian  age. 

Finland  and  northern  Sweden  contain  a  succession  of  at  least  three  great  sedi- 
mentary systems  of  Proterozoic  age  accompanied  by  igneous  intrusions  and  extrusions. 
On  the  whole,  these  are  comparable  to  the  rock  systems  observed  in  southern  Canada, 
the  oldest  being  much  metamorphosed  and  the  youngest  comparatively  little  altered, 
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Other  Continents. — Extensive  exposures  of  Proterozoic  rocks  representing  three 
distinct  systems  have  been  identified  in  Mongolia  and  China.  Rocks  of  this  age  are 
also  recognized  in  Australia,  India,  and  Africa.  In  Brazil  there  are  enormous  deposits 
of  nearly  pure  iron  ore  which  was  deposited  in  its  present  state  as  a  sedimentary 
formation.  The  ores  and  some  of  the  associated  rocks  are  regarded  as  Proterozoic 
in  age. 

Glacial  deposits  that  belong  to  either  the  closing  part  of  Proterozoic 
time  or  very  early  Cambrian  occur  in  southern  Australia,  China,  and 
Norway.  They  are  evidently  associated  with  the  time  of  continental 
elevation  that  is  so  widely  marked  by  the  sub-Cambrian  unconformity. 

OUTLINE  OF  PROTEROZOIC  PHYSICAL  HISTORY 

The  characters  and  thickness  of  the  Proterozoic  sedimentary  forma- 
tions, their  structure  and  conformable  or  unconformable  relations  to 
one  another  and  to  older  and  younger  rock  systems,  and  the  nature  and 
structural  relations  of  igneous  rocks  that  occur  are  the  elements  on  which 
the  physical  history  of  this  geologic  era  is  interpreted.  The  succession 
of  events  in  Proterozoic  history  as  indicated  by  the  most  complete  avail- 
able record  may  be  reviewed  briefly  in  order. 

Post-Archeozoic  Erosion. — (1)  The  great  unconformity  at  the  base 
of  the  Proterozoic  rocks  shows  that  the  Archean  lands  were  eroded  for 
a  very  long  time  until  the  country  was  a  practically  featureless  plain. 
Where  the  materials  eroded  at  this  time  were  deposited  is  not  known. 

Timiskaming  (Pre-Huronian)  Period. — (2)  A  depression  or  sub- 
mergence of  the  Archean  lands  permitted  the  early  Proterozoic  sea  to 
cover  the  region,  and  beds  of  sediment  called  Timiskaming  began  to 
accumulate.  (3)  After  a  long  period  of  deposition  the  earth  crust  was 
disturbed,  the  Timiskaming  sediments  being  folded  and  faulted  and  in 
places  intruded  by  granitic  rocks.  Mountains  resulted  from  these 
disturbances.  (4)  The  elevated  lands  were  eroded  and  eventually  reduced 
to  a  lowland  plain.  This  is  indicated  by  the  unconformity  at  the  base 
of  the  Huronian  sediments. 

Lower  Huronian  Period. — (5)  Deposition  of  gravel,  sand,  and  silt 
occurred  in  the  Great  Lakes  region  and  probably  elsewhere  when  the  sea 
readvanced  over  the  country,  forming  the  Lower  Huronian  (Bruce) 
deposits.  (6)  The  land  was  somewhat  upraised  again  or  the  sea  with- 
drawn so  that  previously  deposited  sediments  were  eroded,  as  shown  by 
the  unconformity  between  the  Lower  and  Middle  Huronian. 

Middle  Huronian  Period. — (7)  Glacial  deposits  at  the  base  of  the 
Middle  Huronian  (Cobalt)  show  that  climatic  conditions  were  such  for  a 
time  as  to  produce  widespread  glaciation  in  part  of  North  America.  This 
was  followed  by  accumulation  of  a  thick  series  of  sedimentary  rocks. 
(8)  Again  there  was  elevation  of  the  land  accompanied  in  places  by  folding 
of  the  previously  formed  rocks  and  consequent  erosion. 
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Fia.  43. — Block  diagrams  illustrating  successive  stages  in  the  physical  history  of  the 
Canadian  Shield  region  in  pre-Cambrian  time. 
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Upper  Huronian  (Animikian)  Period. — (9)  When  the  sea  rcadvanced 
upon  the  Canadian  Shield,  very  important  deposits  of  iron-bearing 
beds  were  formed  in  it.  The  thickness  of  these  rocks  indicates  a  long 
period  of  deposition.  (10)  Deformation  accompanied  by  emergence  and 
erosion  followed  this  epoch  of  sedimentation. 

Keweenawan  Period. — (11)  Enormous  lava  flows  with  gradually 
increasing  amounts  of  sand  deposition  were  accompanied  by  slow  sub- 
sidence of  parts  of  the  earth  crust  until  a  very  great  thickness  of  rock  was 
formed.  (12)  Intrusion  of  basic  and  of  granitic  igneous  rocks  on  a  large 
scale,  and  in  places  the  considerable  deformation  of  previously  accumu- 


FIG.  44. — Section  of  pre-Cambrian  rocks  in  the  Marquette  district  of  northern  Michi- 
gan, with  reconstructed  folds.  This  drawing  suggests  something  of  the  magnitude  of  the 
erosion  that  has  occurred.  The  region  is  peneplaned. 

lated  rocks,  terminated  sedimentation  and  produced  mountains.  (13) 
Widespread  and  very  prolonged  erosion  reduced  the  uplands  to  a  nearly 
featureless  plain  that  is  represented  in  the  unconformity  at  the  base  of 
the  Cambrian.  This  brought  the  Proterozoic  era  to  a  close.  Glaciation 
occurred  during  the  time  of  general  land  elevation  at  the  end  of  the 
Proterozoic  and  beginning  of  the  Paleozoic. 

SUMMARY 

The  Proterozoic  sequence  of  rocks  overlies  the  Archean  unconformably 
and  is,  in  turn  overlain  unconformably  by  Paleozoic  or  younger  strata. 
The  dominant  types  of  Proterozoic  sedimentary  rocks  are  quartzite,  slate, 
dolomite,  and  iron  formation,  the  combined  thickness  of  which  measures 
many  thousands  of  feet;  there  are  also  conglomerates  and  glacial  tillite 
beds.  Dark-colored  lava  sheets  and  basic  intrusive  igneous  rocks  and 
light-colored  granites  are  important  in  many  places.  The  structure  of 
the  Proterozoic  rocks  is  generally  much  simpler  than  that  of  the  Archean 
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and  the  order  of  succession  of  rock  formations  can  be  determined  much 
more  completely. 

The  chief  areas  of  Proterozoic  outcrops  are  located  in  the  southern 
part  of  the  Canadian  Shield.  The  most  complete  succession  of  sedi- 
mentary deposits  and  igneous  rocks  is  found  in  (1)  the  Timiskaming 
region  north  of  Lake  Huron,  and  (2)  the  Lake  Superior  region.  Classi- 
fication of  the  Proterozoic  rocks  and  the  most  detailed  record  of  history 
in  this  era  are  drawn  from  these  regions. 

The  chief  stratigraphic  divisions  and  a  summary  of  geologic  history 
based  on  lithologic  and  structural  characters  shown  by  them  are  given 
in  the  preceding  section. 

Proterozoic  rocks  are  recognized  in  the  Appalachians,  scattered  parts 
of  the  Continental  Interior,  the  Rockies,  and  in  states  farther  west.  • 
They  are  found  also  in  each  of  the  other  continents,  the  general  character 
of  the  rocks  and  physical  history  corresponding  approximately  to  those 
of  North  America. 

Glaciation  in  mid-Proterozoic  time  is  clearly  evidenced,  and  there 
are  also  glacial  deposits  in  several  parts  of  the  world  belonging  to  the 
time  of  land  elevation  at  the  close  of  the  Proterozoic. 

Rich  deposits  of  iron  and  copper,  especially  in  the  Lake  Superior 
region,  occur  in  Proterozoic  rocks;  there  are  also  nickel  and  some  other 
rnetals. 


CHAPTER  IX 
THE  BEGINNING  OF  LIFE 

The  inception  of  life  on  the  earth  is  an  event  that  seems  to  us  hardly 
second  in  importance  to  the  birth  of  the  planet  itself.  A  lifeless  earth 
would  interest  us  not  at  all,  for  we  ourselves  should  then  have  no  existence. 
Indeed,  it  is  hardly  too  much  to  say  that  the  beginning  of  life  and  its 
subsequent  development  into  the  many  hundred  thousand  kinds  of 
extinct  and  living  plants  and  animals  of  the  earth  offer  a  story  even  more 
wonderful  than  that  of  the  origin  and  evolution  of  the  physical  universe. 

But  how,  and  when,  did  life  appear  on  the  earth?  What  was  the 
nature  of  the  earliest  life  forms?  Is  geologic  evidence  bearing  on  these 
questions  to  be  found? 

THE  ORIGIN  OF  LIFE 

Two  views  that  are  at  least  partially  opposed  to  one  another  may  be 
advanced  concerning  the  origin  of  life.  (1)  Life  is  the  result  of  special 
creation;  the  existence  of  plants  and  animals  on  the  earth  depends  on  the 
creative  act  of  a  Deity.  (2)  Life  is  the  result  of  certain  physicochemical 
conditions;  the  introduction  of  these  conditions  and  the  properties  of 
matter  that  are  involved  depend  on  "laws"  of  nature,  which  in  turn  are 
an  expression  of  inherent  characters  of  the  universe.  All  of  these  are 
conceivably  the  result  of  an  initial  divinely  established  order;  otherwise 
there  is  no  understandable  beginning  or  end. 

Result  of  Special  Creation. — If  the  beginning  of  life  on  the  earth  is 
the  result  of  special  creation,  geologic  and  biologic  evidence  strongly 
supports  the  conclusion  that  the  multitudinous  variety  of  later  organisms 
is  the  result  of  gradual  differentiation,  or,  in  other  words,  of  evolution. 
The  testimony  of  several  entirely  independent  lines  of  study  (embryology, 
comparative  anatomy,  paleontology,  blood  tests,  relationships  shown  by 
classification,  geographic  distribution,  and  organic  changes  controlled 
by  domestication  and  experimentation)  so  uniformly  and  overwhelmingly 
supports  the  theory  of  evolution  that  there  is  not  the  slightest  room  for 
reasonable  doubt  as  to  the  actuality  of  evolution  of  life.  Probably  the 
chief  causes  of  this  evolution  are  changes  in  physical  environment  and 
competition  among  organisms,  but  there  is  lack  of  agreement  as  to  the 
biologic  mechanism  of  evolutionary  changes.  We  may  say,  then,  that 
the  hypothesis  of  origin  of  life  by  special  creation  can  apply  only  to  the 
beginning  of  life  on  the  earth,  not  to  the  making  of  each  different  kind  of 
later  life. 
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Result  of  Certain  Physicochemical  Conditions. — Living  matter  in 
composed  chiefly  of  carbon,  hydrogen,  and  oxygen,  with  smaller  amounts 
of  nitrogen,  sulphur,  sodium,  calcium,  iron,  phosphorus,  etc.  Chemical 
compounds  that  are  essential  to  the  existence  of  organisms  are  water  and 
carbon  dioxide.  The  elements  in  these  compounds  make  practically  all 
of  the  complicated  substances  produced  by  living  beings.  Sunlight 
supplies  the  energy  necessary  for  chemical  changes,  and  temperature 
must  be  within  certain  limits. 

According  to  the  view  of  most  biologists,  the  sunlighted  ocean  waters 
offer  most  favorable  conditions  for  the  initiation  of  life,  and  here  some 
of  the  most  primitive  forms  of  plant  life  abound.  It  is  difficult,  however, 
to  see  how  cell  structures  could  originate  in  this  sort  of  fluid  medium 
Where  solutions  are  very  dilute  and  nearly  in  equilibrium. 

Chamberlin  has  pointed  out  that  the  particular  elements  needed  in 
the  construction  of  living  cells  are  found  in  meteorites  (which  are  equiva- 
lent or  comparable  to  planetesimals),  and  that  these  critical  elements 
occur  in  forms  (carbides,  hydrides,  nitrides)  that  are  unstable  in  the 
presence  of  the  earth's  atmosphere  and  hydrosphere.  He  suggests  that 
the  most  favorable  environment  for  initiation  of  living  cells  is  moist 
porous  sands  or  soils  of  the  land  where  the  atmosphere  and  hydrosphere, 
coming  in  contact  with  unstable  planetesimal  material,  should  produce 
chemical  reactions  like  those  in  living  cells;  and  the  physical  environ- 
ment is  favorable  to  the  making  of  cells.  But  in  any  case  there  remains 
to  be  explained  how  the  cells,  if  thus  formed,  come  to  propagate  new  cells, 
and  these  still  others;  self-reproduction  is  one  of  the  outstanding  prop- 
erties of  living  organisms. 

The  fact  that  material  showing  the  properties  of  living  cells  has  not 
been  synthesized  in  the  laboratory,  and  lack  of  observed  " spontaneous" 
development  of  life  out  of  purely  inorganic  matter,  may  be  urged  against 
the  hypotheses  of  the  beginning  of  life  in  exclusive  physicochemical  con- 
ditions. The  special  conditions  postulated  by  Chamberlin  differ  mate- 
rially from  moist  porous  parts  of  the  lithosphere  in  later  geologic  time, 
and  conceivably  this  might  account  for  lack  of  evidence  of  the  generation 
of  life  from  inorganic  sources  at  the  present  time. 

The  discovery  of  the  so-called  filterable  viruses  which  cause  various 
diseases  in  plants  and  animals  has  possible  bearing  on  the  beginning  of 
life.  The  active  agency  of  the  viruses  consists  of  particles  too  small  for 
microscopic  observation;  they  are  of  colloidal  size  and  pass  through  the 
openings  of  the  finest  porcelain  filters.  If  the  virus  particles  are  living, 
as  indicated  by  some  lines  of  evidence,  it  is  suggested  that  aggregates  of  a 
comparatively  small  number  of  certain  molecules  may  possess  properties 
of  living  matter  and  that  such  an  organization  of  molecules  may  be  very 
much  less  complex  than  a  cell.  Indeed,  a  one-celled  organism,  which 
has  been  presumed  to  be  the  simplest  kind  of  life,  may  belong  very  far 
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along  in  the  scale  of  evolution.  And  this  suggests  both  more  extreme 
antiquity  of  life  in  the  Archeozoic  era  and  the  possibility  that  under 
proper  physicochemical  conditions  life  may  have  "  begun  "  on  the  earth 
many,  many  times.  The  latter  suggestion  affords  basis  for  a  hypothesis 
of  the  polyphyletic  origin  of  unicellular  life  and  its  various  derivatives. 
The  subject  is  too  speculative,  however,  to  merit  further  consideration, 

LIFE  OF  THE  ARCHEOZOIC  ERA 

The  conclusion  that  life  began  on  the  earth  during  the  Archeozoic  era 
rests  on  two  main  lines  of  evidence.  One  is  the  advanced  development 
and  indication  of  great  antiquity  of  the  earliest  known  well-preserved 
fossils  found  in  the  lower  Paleozoic  rocks.  The  differentiation  of  one 
kind  of  organism  from  another  is  undoubtedly  a  very  slow,  gradual  proc- 
ess and  the  time  involved  in  the  founding  of  the  various  types  of  plants 
and  specialized  animals  that  are  known  in  the  Cambrian  must  surely  be 
measured  in  many  millions  of  years.  This  implies,  then,  that  the  begin- 
ning of  life  must  reach  very  far  back  into  the  pre-Cambrian  eras. 

The  other  evidence  is  the  considerable  quantity  of  carbonaceous 
material,  iron  deposits,  and  sedimentary  limestones  in  Archean  rocks. 
Each  of  these  are  formed  through  the  agency  of  life,  but  their  presence 
does  not  of  itself  prove  absolutely  the  existence  of  life  because  it  is  possible 
to  make  them  inorganically.  However,  the  mode  of  occurrence  of  the 
carbon,  as  graphite  particles  and  lenses  in  sedimentary  rocks,  strongly 
favors  an  organic  origin,  the  alteration  to  graphite  being  due  to  metamor- 
phism.  Evidences  of  fossil  bacteria  have  been  recorded  from  iron  forma- 
tions of  Proterozoic  age  and  it  is  reasonable  to  suppose  that  Artfhean 
iron-bearing  rocks  may  likewise  owe  existence  to  iron-depositing 
bacteria. 

The  fact  that  deposits  of  sedimentary  origin  are  among  the  oldest 
known  on  the  earth's  surface,  and  that  these  exhibit  no  essential  marks 
of  an  environment  at  the  time  of  their  accumulation  different  from  later 
history,  implies  that  physical  conditions  were  favorable  to  life  in  Archeo- 
zoic time.  Further,  as  noted  by  Chamberlin  and  Salisbury,  the  normal 
operation  of  atmospheric  agencies,  such  as  oxidation  which  is  indicated 
in  the  making  of  Archean  sediments,  argues  the  existence  of  abundant 
though  possibly  primitive  plant  life,  for  plants  are  the  chief  source  of 
free  oxygen  in  the  air. 

General  unfitness  for  preservation  may  be  assumed  in  the  case  of  the 
early  plants  and  animals,  but,  in  addition  to  this,  the  extreme  metamor- 
phism  to  which  most  of  the  oldest  rocks  have  been  subjected  would 
readily  account  for  absence  of  fossils  even  if  they  had  originally  been 
present.  The  time  when  life  appeared  and  the  existence  and  the  nature 
of  life  in  the  first  era  are  therefore  based  on  inference. 
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The  Proterozoic  rocks  afford  not  only  indirect  evidences  of  the  pres- 
ence of  life  but  also  definite  remains  or  traces  of  plants  and  animals. 

Bacteria. — The  conclusion  that  iron  deposits  in  northern  Michigan 
are  at  least  partly  due  to  the  action  of  bacteria  has  been  strengthened 
greatly  by  recent  discoveries  (Gruner)  of  these  exceedingly  minute 
organisms  in  Lower  Proterozoic  rocks  containing  the  iron  deposits.  It  ia 


FIG.  45. — Some  types  of  organic  remains  from  Proterozoic  formations. 

not  surprising  that  they  have  long  been  overlooked,  singe  magnifications 
of  five-hundred  to  one  thousand  times  are  necessary  to  detect  their 
presence  and  character.  Some  of  the  fossils  observed  are  slender, 
irregularly  curved  threads;  others  are  branching  and  closely  resemble 
certain  living  blue-green  algae. 

Lime -secreting  Algae. — Quite  different  is  the  group  of  fossils  supposed 
to  be  lime-secreting  algae  or  seaweeds  that  occurs  most  abundantly  in 
parts  of  the  later  Proterozoic  rocks,  especially  in  the  Belt  series  of  the 
northern  Rockies.  They  are  distributed  over  at  least  6,000  square  miles 
of  territory  and  occur  through  a  vertical  range  of  thousands  of  feet, 
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Recently,  good  specimens  have  been  6btained  from  near  the  base  of  the 
Proterozoic  rock  section  in  the  Grand  Canyon.  Organic  structure  is 
indicated  by  the  radiating  and  concentric  arrangement  of  the  material 
in  these  variously  shaped  masses  which  resemble  the  limy  growths  built 
by  qalcareous  algae.  The  structure  is  not  the  same,  however,  as  in 
known  living  higher  algae.  Many  of  these  supposed  algae  grew  singly, 
attaining  a  thickness  and  diameter  of  several  inches,  but  more  commonly 
they  grew  in  widely  extending  beds  and  in  some  cases  built  up  great 
masses  or  "reefs"  of  limestone.  They  probably  thrived  in  moderately 
shallow,  warm  clear  water.  Whether  the  areas  of  algal  growth  were 
covered  by  fresh  or  salt  water  is  not  known. 

Animal  Remains. — The  remaining  known  fossils  of  Proterozoic  age 
consist  of  trails  or  burrows  in  sandy  mud  sediments,  evidently  made  by 
animals,  probably  worms,  and  of  a  few  poorly  preserved  shells  represent- 
ing primitive  brachiopods  or  gastropods,  and  possibly  some  crustacean 
fragments.  Altogether,  evidence  of  animal  life  is  pitifully  meager.  This 
is  surprising  and  disappointing,  since  many  of  the  later  Proterozoic 
formations  are  almost  undisturbed  and  are  certainly  less  altered  than  the 
folded  Paleozoic  rocks  in  some  areas  that  yield  abundant  fossils.  Reasons 
for  the  general  absence  of  fossils  may  lie  partly  in  lack  of  development 
in  Proterozoic  time  of  structures  suitable  for  fossilization,  and  perhaps, 
if  life  originated  in  the  seas  and  subsequently  became  adapted  to  the 
lands,  the  Proterozoic  strata  mighf  lack  abundant  organic  remains  if,  as 
believed  by  some  geologists,  they  are  mainly  nonmarine. 

SUMMARY 

The  origin  of  life  on  the  earth  is  one  of  the  most  important  events  of 
early  geologic  history,  but  there  is  no  definite  information  concerning  it. 
If  the  beginning  of  life  was  the  result  of  special  creation,  there  is  over- 
whelming evidence,  nevertheless,  that  the  multitudinous  kinds  of  subse- 
quent life  are  the  product  of  evolution.  It  seems  probable  that  life 
originated  as  a  result  of  certain  physicochemical  conditions,  but  this  has 
not  been  proved  and  living  matter  has  not  been  artificially  synthesized. 

The  existence  of  life  in  the  Archeozoic  era  rests  on  indirect  evidence, 
consisting  chiefly  of  the  occurrence  of  carbonaceous  deposits,  iron  forma- 
tions, and  limestones,  all  of  which  are  commonly  but  not  necessarily 
made  by  action  of  organisms.  The  very  great  advancement  and  special- 
ization of  life  that  are  seen  in  the  oldest  fairly  fossiliferous  rocks  (Cambrian) 
argues  an  exceedingly  long  antecedent  development. 

The  Proterozoic  rocks  are  mostly  lacking  in  fossils  but  there  are  thick 
limestones  in  which  lime-secreting  algae  of  various  sorts  are  common. 
The  existence  of  fossil  bacteria  in  Proterozoic  rocks  has  recently  been 
reported.  Worm  burrows  and  u  few  invertebrates  show  the  presence  of 
animals. 
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CHAPTER  X 

THE  PALEOZOIC  FORMATIONS 

The  rock  formations  that  were  made  in  Paleozoic  time,  the  era  of 
ancient  life,  are  now  exposed  over  a  large  part  of  North  America  and  the 
other  continents.  Knowledge  of  Paleozoic  history  is  based  on  study  of 
the  nature,  distribution,  and  structure  of  these  rocks,  on  their  relations 
to  one  another,  and  on  the  remains  of  life  contained  in  them.  Before  we 
review  in  any  detail  the  evidences  from  which  we  may  construct  a  picture 
of  the  physical  conditions  and  the  life  of  this  era  and  determine  at  least 
the  salient  geologic  events  of  Paleozoic  time,  it  is  desirable  to  survey  the 
field  in  a  broad  way. 

Definition  of  Paleozoic. — It  has  been  pointed  out  that  the  major 
divisions  of  geologic  time  are  established  on  the  basis  of  the  most  impor- 
tant interruptions  of  sedimentation  on  the  continents  and  by  correspond- 
ing important  breaks  or  times  of  accelerated  change  in  the  record  of  life. 
The  Paleozoic  era  is  clearly  defined  both  by  the  occurrence  of  more  or 
less  prolonged  "lost  intervals7'  preceding  and  following  it,  and  by  distinc- 
tive characters  of  its  fossil  plant  arid  animal  kfe. 

At  the  base  of  the  great  succession  of  rock  strata  that  was  formed 
during  this  time  is  the  extremely  widespread  sub-Cambrian  unconformity 
that  marks  profound  erosion  of  the  older  rocks.  This  unconformity 
separates  the  rocks  below  that  are  practically  devoid  of  fossils,  from 
those  above  that  in  many  places  contain  abundant  remains  of  life;  in 
most  places  it  divides  igneous  or  metamorphic  rocks  of  crystalline  texture 
and  complex  structure,  from  little-altered  sedimentary  rocks. 

The  upper  boundary  of  the  Paleozoic  rocks  is  not  so  strikingly  defined 
as  the  lower,  for  the  rocks  of  the  succeeding  Mesozoic  era  are  not  greatly 
unlike  those  of  Paleozoic  age.  There  is,  however,  a  widespread  uncon- 
formity at  this  horizon  and  the  change  in  the  character  of  the  fossils  is 
well  marked.  In  eastern  and  parts  of  south  central  North  America 
where  the  Paleozoic  rocks  are  highly  deformed,  the  succeeding  Mesozoic 
strata  are  nearly  horizontal  or  only  moderately  tilted. 
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PALEOZOIC  ROCKS  IN  NORTH  AMERICA 
Distribution 

Areas  of  Surface  Exposure. — Inspection  of  a  geologic  map  of  North 
America  shows  that  rocks  of  Paleozoic  age  form  the  surface  of  a  very 


FIG.  46. — Map  showing  distribution  of  Paleozoic  outcrop  areas  in  North  America. 

large  area,  chiefly  in  the  central  and  eastern  parts  of  the  continent  (Fig. 
46).  Ignoring  various  unconsolidated  surficial  deposits  of  geologically 
recent  origin,  it  is  seen  that  one  might  travel  continuously  on  Paleozoic 
formations  from  Texas  to  Nova  Scotia,  or  from  Minnesota  to  Alabama. 
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The  region  of  Paleozoic  outcrops  comprises  most  of  the  plains  country 
of  the  Mississippi  Valley  and  the  Great  Lakes  district,  the  rugged  Appala- 
chian Plateaus,  the  Appalachian  Mountains,  much  of  New  England,  and 
part  of  the  maritime  provinces  of  Canada.  In  addition,  there  are 
large  exposures  of  Paleozoic  rocks  in  western  North  America,  chiefly  in 
the  Rocky  Mountains,  Colorado  Plateau,  Great  Basin,  northwestern 
Canada,  and  Alaska.  Outcrops  occur  also  on  the  shore  of  Hudson  Bay, 
in  the  Arctic  Archipelago,  and  in  northern  Greenland.  Altogether  about 
35  per  cent  of  the  surface  of  the  continent  consists  of  Paleozoic  formations 
or  shows  the  presence  of  Paleozoic  bedrock  beneath  relatively  thin 
unconsolidated  deposits.  The  outcrop  area  of  these  rocks  includes  a 
great  agricultural  and  industrial  region  where  approximately  one-half  of 
the  population  of  the  continent  lives.  Many  lines  of  human  activity  are 
influenced  very  importantly  by  the  physical  character,  topographic 
expression,  and  economic  resources  of  the  Paleozoic  rocks. 

Original  Distribution. — The  original  area  occupied  by  Paleozoic 
formations  is  certainly  much  larger  than  that  of  the  present  outcrops. 
We  observe  that  in  most  places  where  younger  strata  adjoin  the  Paleozoic 
rocks  the  older  formations  disappear  beneath  the  younger.  Also,  we  find 
that  in  the  outcrop  area  of  post-Paleozoic  beds  there  are  many  borings 
that  penetrate  Paleozoic  deposits.  It  is  definitely  known  that  Paleozoic 
strata  underlie  most  of  the  plains  country  east  of  the  Rockies,  where 
Mesozoic  and  Cenozoic  rocks  form  much  of  the  surface.  To  the  territory 
of  surface  exposure  we  may  therefore  add  a  large  but  in  part  unknown 
area  in  which  the  Paleozoic  rocks  are  concealed  by  younger  sediments. 
Furthermore,  it  is  apparent  in  certain  districts  that  erosion  has  removed 
the  Paleozoic  rocks  from  an  indefinitely  large  area.  The  thickness  and 
other  characters  of  the  Paleozoic  formations  bordering  the  pre-Cambri&n 
areas  of  the  Canadian  Shield,  the  Appalachians,  the  Rockies,  and  other 
mountains  indicate  that  before  the  uplift  and  erosion  of  these  areas  the 
Paleozoic  rocks  covered  much  country  where  now  they  are  stripped  away. 
Outlying  patches  of  marine  Paleozoic  strata  resting  on  pre-Cambrian 
rocks  of  the  Canadian  Shield  are  at  present  separated  by  several  hundreds 
of  miles  from  the  nearest  corresponding  formations,  indicating  that  ero- 
sion has  removed  the  formerly  intervening  connections. 

General  Character  of  Paleozoic  Outcrop  Areas 

The  regions  in  which  the  Paleozoic  rocks  are  exposed  will  be  described 
briefly. 

Appalachian  Mountains. — In  a  geologic  sense,  the  Appalachian  Moun- 
tain system  reaches  uninterruptedly  from  Newfoundland  to  Alabama, 
for  the  folding  and  faulting  that  gave  birth  to  the  mountain  structure 
affect  this  entire  eastern  part  of  the  continent.  In  New  England  and 
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eastern  Canada  the  Paleozoic  rocks  are  very  much  disturbed  and  partially 
metamorphosed,  but  farther  south  they  are  less  strongly  compressed. 

The  characteristic  features  of  the  Appalachian  district  consist  of 
persistent  high,  narrow-topped,  and  even-crested  ridges  that  separate 
correspondingly  elongate,  rather  narrow  valleys.  In  general,  the  ridges 
extend  many  miles  in  nearly  straight  lines,  but  in  places  they  bend  very 
sharply,  forming  long  narrow  loops  and  zigzags.  The  shape  of  the  valleys 
depends  on  the  plan  of  the  confining  ridges;  some  of  them  are  symmetri- 
cally canoe-shaped.  These  topographic  characters  are  controlled  by  the 
hardness  and  the  structure  of  the  rock  formations,  the  upturned,  steeply 
dipping  hard  rocks  forming  the  ridges  and  the  soft,  easily  eroded  forma- 


FIG.  47. — Even-crested  Appalachian  mountain  ridges  near  llarnslmrg,  Penn.  tSusque- 
hanna  River  here  flows  almost  at  right  angles  to  the  trend  of  the  ridges.  (G.  W.  Stoae, 
U.  S.  GeoL  Survey.) 

tions  making  the  valleys.  The  generally  even  tops  of  the  ridges  are 
remnants  of  a  peneplain  formed  by  long-continued  erosion  that  planed 
down  hard  and  soft  rocks  alike.  This  peneplanation  must  have  followed 
the  folding  of  the  rock  strata  and  also  must  have  antedated  the  regional 
uplift  which  caused  the  streams  to  excavate  the  present  valleys. 

The  easternmost  persistent  elevation  is  the  Blue  Ridge,  known  also 
in  parts  of  Pennsylvania  as  South  Mountain,  and  in  Maryland  including 
the  Catoctin  Ridges.  These  ridges  are  formed  by  hard  rocks  of  pre- 
Cambrian  age  and  by  resistant  Lower  Cambrian  sandstones  and  quart- 
zites.  In  the  Tennessee-North  Carolina  portion  of  the  Appalachian 
chain,  where  the  quartzites  are  excessively  thick,  we  find  the  most  rugged 
portion  of  the  entire  mountain  system. 

Paralleling  the  Blue  Ridge  on  its  western  side  is  a  persistent  lowland, 
commonly  known  as  the  Appalachian  Valley.  Portions  of  it  in  Pennsyl- 
vania and  Maryland  are  called  the  Cumberland  Valley,  in  Virginia  the 
Shenandoah  Valley,  and  in  Tennessee  and  southward  the  Tennessee  and 
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Coosa  Valleys.  This  great  valley,  or  series  of  valleys,  is  due  to  the 
occurrence  of  thick  Early  Paleozoic  limestone  and  interbedded  shaje  in  a 
belt  that  corresponds  with  the  position  of  th§  valley.  These  are  weak 
rocks  as  compared  to  the  massive  hard  sandstones  and  quartzites  that 
compose  the  ridges.  Though  many  of  the  limestones  are  hard,  they  are 
soluble  and  have  been  attacked  by  weathering  so  that  they  stand  even 
lower  than  the  shale  formations.  The  valleys  furnish  wide,  fertile  farm 
lands  in  a  timber-clad  region  that  is  mostly  too  rough  and  rocky  for 
agricultural  use. 

The  main  series  of  narrow  but  prominent  mountain  ridges  lies  on  the 
west  side  of  the  great  valley  and  extends  from  northeastern  Pennsylvania 


FIG.  48.  Diagram  showing  Appalachian  ridges  and  valleys  near  Harrisburg,  Penn., 
and  the  geologic  structure  associated  with  these  topographic  features.  (A.  K.  Lobeck, 
Block  Diagrams,  John  Wiley  <1*  Sons,  Inc.) 

to  Alabama,  covering  a  belt  up  to  60  miles  or  more  in  width.  The  most 
prominent  ridge  makers  are  hard  sandstones;  less  prominent  ones  are 
cherty  limestones.  The  valleys  between  the  ridges  are  mainly  carved  in 
shale.  Parts  of  the  region  can  be  reached  only  with  much  difficulty,  for 
the  steep-sided  mountains,  unbroken  for  dozens  of  miles,  are  barriers  to 
travel  that  have  very  greatly  affected  man's  activities  in  the  region. 
Except  for  the  "water-gap"  and  some  " wind-gap"  passageways  made 
by  certain  rivers,  where  railroads,  highways,  and  in  some  cases  an  electric 
line  or  canal  are  crowded  closely  together,  the  mountains  would  be  a 
much  greater  barrier  to  travel. 

A  feature  of  special  geologic  interest  in  the  mountain  area  is  the 
considerable  thickness  of  many  of  the  rock  formations  and  the  very  great 
total  thickness  of  Paleozoic  strata  that  is  found  here.  Measurements  in 
Alabama  show  that  the  Pottsville  beds  (Pennsylvanian)  attain  a  thickness 
of  10,000  feet;  the  Catskill  formation  (Upper  Devonian)  in  Pennsylvania, 
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4,700  feet;  the  Great  Smoky  quartzite  (Lower  Cambrian)  in  southeastern 
Tennessee,  about  8,000  feet;  and  the  entire  Cambrian  in  Tennessee, 
approximately  18,000  feet.  The  thickness  of  the  Paleozoic  sediments  is 
computed  to  be  about  40,000  feet  in  southern  Pennsylvania  and  Mary- 
land, about  30,000  feet  in  Tennessee  and  Virginia,  and  about  38,000  feet 
in  Alabama.  These  measurements,  which  indicate  an  accumulation  of 
sediments  totaling  a  maximum  thickness  of  more  than  7  miles,  contrast 
greatly  with  measurements  of  the  flat-lying  Paleozoic  rocks  in  the  Great 
Lakes-Mississippi  Valley  region,  where  a  thickness  of  a  mile  is  rarely 
attained. 

Appalachian  Plateaus. — Bordering  the  mountains  on  the  west  is  a 
rugged  area  of  nearly  flat-lying  rocks  that  in  New  York,  Pennsylvania, 


FIG.  49. — A  portion  of  the  Appalachian  Plateau  country  along  New  River,  W.  Va.     The  rock 
formations  are  nearly  flat-lying.      (/.  K.  fritters,  U.  S.  Geol.  Survey.} 

and  south  ward  to  Kentucky  is  commonly  known  as  the  Allegheny  Plateau, 
and  in  Tennessee  and  Alabama  as  the  Cumberland  Plateau.  For  the 
most  part  this  area  is  intricately  dissected  by  stream  valleys,  many  of 
which  are  deep  and  much  narrower  than  those  in  the  Appalachian 
Mountains.  There  is  a  marked  topographic  difference,  however,  between 
the  plateau  and  mountain  areas,  in  that  the  ridges  and  valleys  of  the 
former,  being  uninfluenced  by  upturned  hard  and  soft  strata,  are  not 
straight  and  parallel  but  form  a  treelike  pattern,  as  in  most  areas  of  flat 
or  homogeneous  rocks.  Many  of  the  streams  have  very  crooked, 
meandering  courses. 

The  surface  rocks  of  the  plateau  country  are  mostly  strata  of  Late 
Paleozoic  age,  including  especially  beds  of  the  coal-bearing  Pennsylvanian 
system.  These  rocks  consist  in  large  part  of  hard  sandstone  which 
serves  to  resist  the  attack  of  erosion  and,  therefore,  to  preserve  the 
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plateau  character  of  the  region.  The  strata  of  older  Paleozoic  age  are 
deeply  buried.  A  well  in  northern  West  Virginia,  starting  in  the  lower 
part  of  the  Pennsylvanian,  penetrated  rocks  to  a  depth  of  7,757  feet, 
ending  in  the  Oriskany  sandstone  of  Early  Devonian  age.  Silurian, 
Ordovician,  and  Cambrian  rocks  lie  still  deeper. 

Interior  Plains. — On  the  northwest,  the  Appalachian  Plateaus  grade 
almost  imperceptibly  into  the  plains  country  of  the  Great  Lakes  and 
Mississippi  Valley.  The  Paleozoic  rocks  of  this  region  extend  into 
Canada,  occupying  southern  Ontario  and  surrounding  all  of  the  Great 
Lakes  except  Lake  Superior.  The  northern  limit  of  the  Paleozoic  forma- 
tions in  this  region  is  determined  by  the  extent  to  which  erosion  has 
stripped  away  rocks  that  once  covered  parts  of  the  ancient  crystallines 
of  the  Canadian  Shield.  Northwestward,  the  Paleozoic  outcrops  extend 
to  Minnesota  where  they  are  overlapped  by  Late  Mesozoic  deposits  that 
continue  far  to  the  west.  The  boundary  between  Paleozoic  and  younger 
rocks  in  the  western  part  of  the  Interior  Plains  irregularly  crosses  north- 
western Iowa,  eastern  Nebraska,  and  central  Kansas  to  western  Oklahoma 
and  Texas.  The  Gulf  Coastal  Plains,  which  reach  as  far  northward  as 
southeastern  Oklahoma  and  occupy  most  of  the  Mississippi  Valley  below 
the  mouth  of  the  Ohio,  are  composed  of  post-Paleozoic  sediments,  but,  as 
in  the  western  Great  Plains,  it  is  known  that  Paleozoic  deposits  underlie 
at  least  a  part  of  this  area. 

The  plains  formed  by  the  Paleozoic  strata  are  intersected  by  numerous 
streams  that  have  carved  narrow  to  wide  valleys,  in  places  300  feet  or 
more  in  depth.  Steep  rocky  bluffs  occur  along  some  of  these  streams, 
but  in  general  the  slopes  of  valley  sides  are  rather  gentle.  Over  a  large 
area  in  Illinois,  Indiana,  and  adjacent  territory  that  has  been  made 
smooth  by  filling  of  glacial  deposits,  the  surface  is  almost  flat.  In  parts 
of  the  couijtry  west  of  the  Mississippi  River,  as  in  Missouri,  Kansas, 
Oklahoma,  and  Texas,  there  are  prominent  escarpments  that  are  made 
by  the  outcrop  of  the  more  resistant  Paleozoic  formations.  The  strata 
of  this  region  consist  of  shale,  limestone,  and  sandstone  which  are 
important  quantitatively  in  the  order  named.  The  shales  are  generally 
concealed  by  soil  and  vegetation;  and  since  they  tend  to  make  gentle 
slopes  and  flats  at  the  surface,  outcrops  of  shale  are  not  conspicuous. 
Limestone  is  exposed  in  bluffs  along  streams,  in  quarries,  and  at  the  edges 
of  escarpments.  Some  of  the  limestone  formations  are  thick  and  massive ; 
others  are  thin  but  remarkably  persistent.  Sandstone  is  prominent  only 
locally,  although  some  Paleozoic  sandstones  are  very  widespread.  Many 
of  the  formations  contain  prolific  evidence  of  the  existence  of  varied  forms 
of  life  in  Paleozoic  time.  Some  beds,  indeed,  are  literally  made  up  of 
beautifully  preserved  fossils. 

While  the  strata  of  the  plains  may  be  described  in  a  broad  sense  as 
horizontal,  they  are  actually  slightly  inclined  in  most  places.  Their  dip 
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is  generally  less  than  1  degree  and  is  commonly  recorded  in  terms  of  feet 
per  mile.  Most  of  the  Paleozoic  strata  of  the  Great  Lakes  district  slope 
gently  toward  central  Michigan,  forming  a  broad,  saucer-like  syncline. 
Accordingly,  the  youngest  rocks  occur  here  in  the  central  part  of  the  basin, 
surrounded  concentrically  by  outcrops  of  the  older  formations.  A  wide 
dome-shaped  uplift,  its  top  south  of  Cincinnati  (Cincinnati  arch),  is 
found  in  Kentucky,  Ohio,  and  Indiana,  and  a  smaller  one  (Nashville 
arch)  occurs  to  the  south,  in  Tennessee.  Since  structure  and  topography 
are  not  always  related,  the  structurally  highest  part  of  a  dome  is  not 
necessarily  the  highest  in  surface  elevation.  The  Nashville  arch,  for 


Fia7oO.^FtueozoicrocKs,  thousands  of  feet  in  thickness,  occur  in  parts  of  the  Rooky 
Mountain  Cordillera.  This  view  of  Mount  Temple,  in  the  Canadian  Rockies,  shows  over 
5,000  feet  of  gently  dipping  Cambrian  strata.  (R.  T.  Chamberlin,  Chamberlin  and  Ralie- 
bury's  Historical  Geology,  Henry  Holt  &  Company.) 

example,  is  marked  by  a  centrally  located  lowland  area  carved  in  older 
Paleozoic  limestones.  Surrounding  this  lowland  is  an  upland,  the 
Highland  Rim,  with  a  prominent  inward-facing  escarpment  composed  of 
younger  Paleozoic  rocks.  The  Ozark  region  of  Missouri  is  a  very  broad, 
gentle,  structural  swell  or  dome.  In  all  of  these  uplifts,  older  rocks  are 
found  at  the  surface,  surrounded  on  all  sides  by  outcrops  of  younger 
formations. 

In  the  plains  of  the  Mid-Continent  region,  stretching  from  Nebraska 
to  northern  Texas,  the  Paleozoic  rocks  dip  gently  westward,  but  on  the 
east  flank  of  the  Rockies  corresponding  beds  show  a  steep  inclination 
eastward.  The  intervening  area  constitutes  thus  a  structural  sag  in 
which  the  Paleozoic  rocks  are  deeply  buried  by  those  of  younger  age. 

Western  North  America. — Exposures  of  Paleozoic  strata  are  found  in 
various  parts  of  Alaska,  western  Canada,  and  the  western  United 
States.  Small  areas  of  these  rocks  occur  in  northern  and  southern 
Mexico.  The  Alaskan  Paleozoic  formations,  as  yet  not  very  well-known, 
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make  up  an  important  part  of  the  Endicott  Range  in  the  northern  part 
of  that  territory.  Thick  Paleozoic  deposits  are  also  present  in  eastern 
and  southeastern  Alaska.  In  western  Canada,  the  Rockies  and  portions 
of  the  coastal  mountains  are  mainly  composed  of  Paleozoic  strata,  of 
which  those  found  in  the  latter  district  are  very  much  altered  by  meta- 
morphism.  Large  areas  of  flat-lying  Devonian  beds  occur  east  of  the 
Rocky  Mountains  in  northwestern  Canada. 

The  Paleozoic  formations  of  the  western  United  States  include  the 
lower  part  of  the  sedimentary  rocks  upturned  along  the  flanks  of  the 
Rockies  in  New  Mexico  and  Colorado,  around  the  Black  Hills  (South 
Dakota,  Wyoming),  the  Bighorns  and  other  mountains  in  Wyoming, 
Utah,  and  Montana.  In  eastern  New  Mexico,  western  Texas,  and 
Arizona  the  Paleozoic  strata  are  nearly  horizontal  and  form  plains 
and  plateaus.  The  Grand  Canyon  is  carved  in  upwarped  Paleozoic  and 
older  rocks  which  form  the  Colorado  Plateau  in  northern  Arizona.  The 
Great  Basin  country  of  western  Utah,  Nevada,  and  southeastern  Cali- 
fornia contains  many  north-south  trending  mountain  ranges  that  are 
largely  made  up  of  folded  and  faulted  Paleozoic  strata,  in  part  of  great 
thickness.  The  Sierra  Nevadas  and  other  mountains  near  the  west 
coast  are  known  to  contain  some  highly  altered  Paleozoic  sediments, 
although  composed  for  the  most  part  of  rocks  of  later  geologic  age. 

PALEOZOIC  ROCKS  IN  OTHER  CONTINENTS 

Europe. — Paleozoic  rocks  are  extensively  exposed  in  Europe,  especially  in  the 
northern  and  western  parts  of  the  continent.  The  topographic  features  and  mineral 
resources  (especially  coal)  of  these  Paleozoic  areas  have  exerted  a  profound  influence 
on  man's  activities. 

In  the  British  Isles,  Paleozoic  rocks  occupy  most  of  southern  Scotland,  northern 
and  western  England,  and  almost  all  of  Wales  and  Ireland.  The  central  part  of 
Scotland  is  a  lowland  belt,  the  Scottish  Lowlands,  which  extends  to  both  the  east  and 
west  coasts.  It  is  made  by  weak  rocks,  most  of  which  are  Late  Paleozoic  in  age  and 
which  include  coal  beds  and  oil-shale  deposits.  Here  arc  all  of  the  great  cities  of 
Scotland  and  over  nine-tenths  of  the  total  population.  The  Lowlands  are  a  great 
industrial  district,  whose  growth  has  been  dependent  primarily  on  topography  and 
mineral  resources.  South  of  the  Lowlands  are  the  southern  Scotch  Uplands,  composed 
of  more  resistant  Paleozoic  rocks.  This  is  a  grassland  country  devoted  mainly  to 
sheep  rearing.  Important  industrial  centers  are  lacking.  The  upland  slopes  gently 
southward  into  the  Pennine  Range  of  northern  England,  which  consists  of  a  broad 
anticline  of  Paleozoic  limestones  and  grits.  On  the  east,  south,  and  west  this  upland 
area  is  bordered  by  lowland  belts  of  coal-bearing  rocks,  in  which  are  located  the  great 
manufacturing  centers  of  northern  England.  Wales  and  western  England  show  an 
important,  nearly  complete  series  of  Paleozoic  rocks  dipping  gently  eastward.  Much 
of  the  early  work  leading  to  definition  of  the  Paleozoic  divisions  was  done  on  this 
section.  Most  of  the  rocks  are  marine  and  fossiliferous,  but  in  the  middle  of  the 
stratigraphic  succession  is  the  famous  Old  Red  sandstone,  which  is  of  continental 
origin.  Ireland  consists  of  northern  and  southern  highland  areas,  with  an  intermedi- 
ate central  plain.  Upper  Paleozoic  limestones  that  produce  a  rich  soil  cover  most  of 
the  region. 
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The  Scandinavian  Peninsula  contains  in  its  western  and  higher  part  a  long  belt  of 
very  complexly  folded  and  faulted  older  Paleozoic  rocks.  These  form  part  of  the 
roots  of  the  Caledonian  Mountain  chain,  formed  at  the  end  of  Silurian  time. 

Northern  Russia,  Esthonia,  and  Poland  contain  the  largest  uninterrupted  areas  of 
Paleozoic  outcrops  jn  Europe.  The  rocks  here  are  comparable  to  those  of  the  Missis- 
sippi Valley  in  the  United  States,  in  that  they  are  of  moderate  thickness  and  are 
practically  undisturbed  by  folding  ajul  faulting.  Most  of  the  Paleozoic  divisions  are 
well  represented,  and  some  formations  are  wonderfully  fossiliferous. 

The  Bohemian  region  in  central  Europe  is  another  important  and  famous  region  of 
Paleozoic  outcrops,  in  which  strata  belonging  especially  to  the  older  part  of  the  era 
are  well  developed.  These  rocks  contain  abundant  fine  fossils. 


FIG.  51. — Map  showing  distribution  of  Paleozoic  outcrop  areas  in  Europe. 

Western  Germany,  along  the  Rhine,  southern  Belgium,  and  northeastern  France 
contain  a  Paleozoic  area  of  complex  structure  that  forms  an  upland,  part  of  an  ancient 
mountain  chain  that  was  formed  across  central  Europe  in  Pennsylvania!!  time.  It 
is  bordered  on  the  north  and  locally  on  the  south  by  very  important  coal  deposits, 
which  have  been  an  important  factor  in  the  economic  development  of  this  part  of 
Europe  and  for  possession  of  which  wars  have  been  waged. 

Paleozoic  rocks  occur  also  in  western  and  part  of  southern  France,  in  the  Pyrenees, 
in  the  western  part  of  the  Spanish  Peninsula,  and  locally  in  Sardinia  and  Sicily. 

Asia. — Paleozoic  rocks  representing  the  oldest  to  youngest  divisions  have  been 
reported  from  various  parts  of  Asia,  especially  in  a  belt  extending  from  east  to  west 
across  the  southern  part  of  the  continent.  Much  detailed  work,  from  which  has 
come  a  long  series  of  important  reports,  has-been  done  by  the  British  Government  in 
India.  The  chief  Paleozoic  deposits  are  Pennsylvanian  and  Permian  in  age.  Paleo- 
zoic rocks  are  well  represented  in  China.  They  include  especially  very  fossiliferous 
Cambrian  and  Penhsylvanian  formations,  study  of  which  is  important  from  the 
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standpoint  of  the  relations  of  contained  fossil  life  to  that  in  North  America.  Paleozoic 
rocks  occur  also  in  Mongolia,  Manchukuo,  eastern  Siberia,  Japan,  Korea,  and 
the  East  Indies.  The  small  island  of  Timor,  in  the  last-named  region,  has  yielded  a 
large  number  of  very  interesting  Late  Paleozoic  fossils,  recently  described  in  a  series 
of  memoirs. 

Australia,  especially  in  the  eastern  part,  contains  a  fairly  complete  series  of 
Paleozoic  deposits  which  shows  marked  similarity  and  some  interesting  dissimilarities 
to  rocks  of  this  age  in  other  parts  of  the  world. 

Africa  contains  widespread  deposits  belonging  to  the  Paleozoic,  but  the  formations 
in  most  places  are  neither  very  thick  nor  is  the  record  very  complete.  The  Sahara 
region  in  the  northern  part  of  the  continent  is  partly  floored  by  Middle  Paleozoic 
sandstone,  disintegration  of  which  has  helped  to  supply  sand  to  the  desert  areas.  A 
very  thick  series  of  Paleozoic  beds  occurs  in  South  Africa.  The  deposits  consist 
mostly  of  grits,  sandstones,  and  shales,  representing  especially  the  later  part  of  the  era. 

South  America. — The  northern  and  central  parts  of  South  America  arid  islands  off 
the  southern  tip  contain  Paleozoic  rocks. 

SUMMARY 

Paleozoic  rocks  comprise  the  oldest  abundantly  fossiliferous  strata. 
In  most  places  great  unconformities  separate  these  rocks  from  those  of 
earlier  and  later  eras.  Some  of  the  formations  were  made  on  the  land  by 
streams  and  in  lakes,  but  most  of  them  consist  of  sediment  deposited  in 
shallow  seas  that  invaded  the  continents. 

Paleozoic  outcrops  cover  much  of  eastern  and  central  North  America, 
and  smaller  areas  in  the  western  and  northern  parts  of  the  continent.  In 
New  England  and  eastern  Canada  most  of  the  Paleozoic  rocks  are  highly 
deformed  as  well  as  invaded  extensively  by  igneous  rocks.  The  Appa- 
lachian Mountains  are  mainly  composed  of  folded  and  faulted  Paleozoic 
strata  of  great  thickness,  attaining  in  places  a  maximum  thickness  of 
40,000  feet.  The  plains  country  of  the  Great  Lakes  and  upper  Mississippi 
Valley  is  made  up  of  nearly  flat-lying  Paleozoic  strata  having  a  total 
thickness  in  most  places  of  less  than  5,000  feet.  Gentle  broad  synclines, 
like  the  Michigan  basin,  and  anticlines,  like  the  Ozark  and  Cincinnati 
domes,  characterize  the  structure  of  the  Interior  Plains  country.  In 
western  North  America  the  Paleozoic  rocks  crop  out  on  the  flanks  of 
many  of  the  mountain  ranges,  besides  forming  in  places  extensive  plain 
and  plateau  areas. 

The  total  distribution  of  Paleozoic  strata  is  much  greater  than  the 
area  of  surface  exposure,  for  younger  deposits  cover  them  over  thousands 
of  square  miles.  Further,  their  original  distribution  must  have  included 
great  areas  in  which  subsequent  erosion  has  removed  them. 

Rocks  of  Paleozoic  age  are  found  in  each  of  the  other  continents. 
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CHAPTER  XI 
FORMATIONS  AND  PHYSICAL  HISTORY  OF  CAMBRIAN  TIME 

The  rocks  called  Cambrian  include  the  oldest  known  sedimentary 
strata  that  contain  more  or  less  abundant  well-preserved  fossil  remains. 
This  does  not  mean  that  all  strata  of  Cambrian  age  are  fossiliferous;  on 
the  contrary,  some  formations  are  as  barren  of  organic  remains  as  the 
pre-Cambrian.  Most  of  the  Cambrian  formations,  however,  yield  some 
fossils  and  many  beds  contain  great  numbers  of  them. 

The  Cambrian  rocks  rest  unconformably  on  pre-Cambrian  formations 
which  are  mostly  unfossiliferous  and  very  different  from  the  Cambrian  in 
appearance.  Because  of  the  clearly  defined  and  prominent  nature  of 
this  unconformity,  the  base  of  the  Cambrian  is  easily  recognized.  The 
top  of  the  Cambrian  is  likewise  defined  by  an  unconformity  or  hiatus  in 
the  geologic  record  which,  however,  is  very  much  less  important  than  that 
at  the  base.  The  evidence  of  withdrawal  of  continental  seas  is  especially 
found  in  a  discontinuity  of  the  fossil  faunas  (entire  assemblage  of  animal 
life)  contained  in  the  rocks,  older  species  disappearing  suddenly,  while 
many  new  kinds  of  animals  are  introduced  in  the  next  younger  strata; 
however,  there  is  also  physical  evidence.  • 

As  already  noted,  the  Cambrian  rocks  were  named  nearly  a  century 
ago  in  Wales  but  the  upper  limits  of  the  system  have  subsequently  been 
revised  and  in  the  light  of  added  information  may  still  require  some 
modification. 

GENERAL  NATURE  AND  DIVISIONS  OF  THE  CAMBRIAN  ROCKS 

Variation  in  Cambrian  Sedimentation. — Sedimentary  deposits  of 
Cambrian  age  consist  of  limestone,  shale,  sandstone,  and  conglomerate. 
The  kind  of  rock  may  differ  greatly  in  different  parts  of  a  single  exposed 
section  and  it  commonly  differs  from  one  region  to  another.  This  is 
entirely  natural,  for  it  is  most  likely  that  the  nature  of  sediments  deposited 
in  a  given  place  will  change  as  surrounding  conditions  are  altered,  and  that 
conditions  in  one  place  will  have  no  similarity  to  those  in  another. 
Accordingly,  the  basal  part  of  one  section  of  Cambrian  rocks  may  consist 
of  conglomerate,  a  higher  part  of  sandstone,  and  still  higher  parts  of 
shale  and  limestone.  This  points  to  conditions  that  were  of  one  sort  in 
the  early  part  of  this  time  of  deposition  and  to  conditions  of  another  sort 
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later  on.  Also,  deposits  of  sandstone  in  one  region  may  be  contem- 
poraneous with  shale  or  limestone  in  another,  which  merely  means  that  the 
one  was  formed  near  shore  and  the  other  at  a  greater  distance  from  land, 
or  there  are  several  other  possibilities.  It  is  thus  true  of  the  Cambrian 
rocks  that  variation  in  kind  of  sediment  occurs  both  stratigraphically, 
from  one  horizon  in  the  section  to  another,  and  geographically,  from  one 
locality  to  another.  As  we  might  suppose,  indeed,  this  generalization 
almost  necessarily  holds  for  the  rocks  of  every  geologic  period. 

On  the  other  hand,  kinds  of  rock  and  the  conditions  of  sedimentation 
that  they  denote  are  not  commonly  extremely  variable,  either  vertically 


FIG.  52. — Cambrian  sandstone  resting  unoonformably  on  granite,  near  Colorado  Springs, 
Colo.      (N.  H.  Darton,  U.  8.  Gcol.  Survey.) 

or  horizontally.  Parts  of  the  Cambrian  system,  many  hundreds  of  feet 
thick  in  some  regions,  have  almost  identical  lithologic  characters,  which 
means  that  conditions  of  deposition  remained  stable  for  a  long  time. 
Further,  certain  Cambrian  formations  have  amazingly  constant  charac- 
ters for  hundreds  of  miles  along  the  outcrop,  pointing  to  remarkable 
uniformity  of  conditions  over  a  large  area.  Study  of  the  Cambrian  rocks 
emphasizes  also  the  conclusion  that  these  deposits  are  practically  every- 
where of  shallow-water  origin. 

Stratigraphic  Divisions. — The  Cambrian  strata  are  divided  into 
formations,  which  are  the  units  of  geologic  mapping  and  are  defined  by 
similarity  of  lithologic  character  and  fossil  content.  The  thickness  of 
different  formations  may  vary  bet  \\  een  wide  limits.  Some  are  thousands 
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of  feet  thick,  which  is  rather  uncommon,  others  less  than  a  hundred  feet. 
Normally,  each  formation  contains  strata  that  represent  uninterrupted 
sedimentation,  or  if  breaks  occur  these  are  of  very  minor  importance. 

The  Cambrian  strata  are  also  divided  into  much  more  comprehensive 
parts  termed  series.  Each  series  contains  several  formations.  The 
Waucoban  (Lower  Cambrian)  series  includes  the  oldest  deposits  of  the 
system,  and  the  Acadian  (Middle  Cambrian),  St.  Croixan  (lower  Upper 
Cambrian),  and  Ozarkian  (upper  Upper  Cambrian)  are  successively 
younger  series. 

Basis  for  Determination  of  Stratigraphic  Divisions. — The  smaller 
stratigraphic  units  of  the  Cambrian,  and  of  other  systems,  are  deter- 
mined primarily  by  characters  of  lithology,  and  to  some  extent  by  fossils. 

The  larger  divisions  are  based  upon  the  presence  of  distinct  breaks  or 
"lost  intervals"  in  the  geologic  record  which  may  be  shown  by  physical 
evidence  (unconformities),  but  also  (and  more  importantly)  by  note- 
worthy changes  in  the  character  of  the  fossils.  Throughout  the  Wauco- 
ban series,  for  example,  certain  distinctive  species  are  common  and 
widespread.  By  no  means  all  of  the  species  of  one  formation  or  zone 
within  this  Lower  Cambrian  series  extend  into  others  above  or  below,  but 
changes  in  the  make-up  of  the  fauna  are  gradual.  In  passing  from 
Waucoban  to  Acadian  beds,  however,  there  is  a  distinct  alteration  of 
faunal  characters  in  which  many  of  the  older  forms  of  life  disappear  and 
their  place  is  taken  by  entirely  new  ones. 

A  relatively  sudden  change  in  the  character  of  fossils  in  a  succession 
of  rock  formations  has  a  number  of  possible  meanings.  (1)  Although 
there  may  be  little  physical  record  of  interrupted  sedimentation,  it  is 
possible  that  the  sea  withdrew  for  a  time  during  which  the  normal  slow 
dying-out  of  old  kinds  of  life  and  development  of  new  ones  so  modified 
the  shallow  marine  faunas  that,  when  the  sea  readvanced,  the  composition 
of  the  fauna  was  distinctly  different.  (2)  Some  marked  geographic 
change  may  have  taken  place,  direct  connection  being  made  between 
sea  basins  containing  different  forms  of  life.  Immigration  of  species 
from  one  district  to  the  other  could  account  for  the  sudden  appearance 
of  new  elements  in  the  fauna,  and  inability  of  certain  of  the  resident 
species  to  compete  with  the  newcomers  would  lead  to  their  extinction. 
This  is  apparently  the  chief  reason  for  differences  in  the  faunas  of  the 
Cambrian  series.  (3)  Since  marine  invertebrates  are  sensitive  to  condi- 
tions of  environment,  a  sudden  change  in  environmental  factors  might 
adversely  affect  some  species,  but  it  could  hardly  be  the  independent 
cause  of  a  sudden  appearance  of  new  types  of  life.  All  of  these  factors 
and  others  have  doubtless  operated  at  various  times  to  produce  differ- 
ences in  the  faunas  which  became  entombed  as  fossils  in  the  strata.  A 
natural  subdivision  of  the  great  thickness  of  deposits  that  constitutes 
the  geologic  record  is  possible  mainly  because  of  these  more  or  less  sudden 
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changes  in  faunal  characters.  The  order  of  succession  of  the  fossil  faunas 
is  determined  by  the  observed  superposition  'of  beds  that  contain  the 
fossils.  No  single  complete  section  of  the  Cambrian  rocks  is  known, 
however,  and  accordingly  it  is  necessary  to  arrange  in  proper  order  or 
piece  together  the  information  yielded  by  a  number  of  different  sections. 
Even  this  fails  to  provide  a  perfect  record. 

Nature  of  Outcrops. — The  distribution  of  outcrops  of  the  Cambrian 
rocks  or  of  an  individual  Cambrian  formation  depends  on  (1)  geographic 
distribution  of  the  rocks,  (2)  their  thickness,  (3)  structure,  and  generally 
(4)  topography.  In  Wisconsin  and  Missouri  where  the  Cambrian  beds 
are  nearly  horizontal,  the  outcrops  cover  a  broad  area  some  thousands  of 
square  miles  in  extent,  yet  the  thickness  of  these  rocks  is  only  a  few  hun- 
dred feet.  Parts  of  the  Appalachian  region  show  long  narrow  Cambrian 
outcrop  bands  that  cover  a  very  much  smaller  surface  area,  but  the 
exposed  beds  measure  thousands  of  feet  in  thickness.  The  outcrops  are 
narrow  and  linear  because  of  the  steep  dips.  Depending  on  the  factors 
above  mentioned  and  the  extent  to  which  erosion  has  cut  downward 
into  the  rocks,  outcrops  of  Cambrian  may  appear  partly  or  wholly  sur- 
rounding areas  of  pre-Cambrian  rocks,  or,  on  the  other  hand,  more  or 
less  surrounded  by  pre-Cambrian;  and  Cambrian  outcrops  may  appear  in 
subparallel  bands  separated  by  older  or  younger  rocks,  or  both.  These 
characters  of  the  outcrops  of  stratified  formations  are  essentially  matters 
of  geometry  and  are  obviously  applicable  to  any  given  geologic  system  or 
smaller  stratigraphic  unit. 

CAMBRIAN  FORMATIONS  OF  NORTH  AMERICA 

Distribution. — Rocks  of  Cambrian  age  are  widely  exposed  in  North 
America  (1)  in  the  Appalachian  region,  from  Newfoundland  to  Alabama, 
(2)  in  scattered  portions  of  the  Continental  Interior,  and  (3)  in  the  western 
Cordilleran  region,  including  especially  parts  of  Arizona,  Utah,  Nevada, 
California,  Montana,  and  British  Columbia. 

The  territory  over  which  Cambrian  sediments  are  distributed  is  much 
greater  than  the  area  of  their  surface  exposure,  for  most  of  the  younger 
Paleozoic  deposits  and  portions  of  the  post-Paleozoic  formations  are 
underlain  by  Cambrian.  This  is  evidenced  by  deep  well  borings  in 
many  places,  especially  where,  as  in  the  northern  part  of  the  Mississippi 
Valley,  Cambrian  sandstones  are  important  sources  of  water.  Probable 
continuity  beneath  districts  where  the  Cambrian  has  not  been  reached 
by  drilling  is  indicated  by  its  presence  in  so  many  widely  scattered  struc- 
tural uplifts  and  it  is  also  suggested  by  similarities  in  lithologic  and  faunal 
characters  of  observed  outcrops.  Also  the  original  distribution  of  Cam- 
brian rocks  was  greater  than  the  present  by  a  considerable  but  unknown 
area  that  has  been  removed  by  erosion.  Certainly  many  square  miles 
of  these  beds  have  been  carried  away  from  the  Adirondack  region  of 
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New  York,  northern  Wisconsin,  the  Appalachians,  and  elsewhere.  How- 
ever, there  is  no  reason  to  conclude  that  very  much  Of  the  Canadian 
Shield,  now  bare  of  Cambrian,  was  ever  covered  by  deposits  of  this  age. 
The  Adirondack  and  Wisconsin  areas  were  probably  islands  or  archi- 
pelagos during  part  of  Cambrian  time. 


Fio.  53. — Map  of  North  America  showing  (in  black)  the  outcrop  areas  of  the  Cambrian 
system  and  (in  oblique  shading)  the  inferred  area  of  original  distribution  of  Cambrian 
formations.  Throughout  much  of  this  region  the  Cambrian  rocks  are  still  present,  more  or 
less  deeply  buried  under  younger  rocks.  (R.  T.  Chamberlin,  in  Chamberlin  and  Salisbury's 
Historical  Geology,  Henry  Holt  &  Company.) 

Maritime  Canada  and  Eastern  New  England 

Steeply  folded  and  faulted  strata  consisting  mostly  of  greenish,  red- 
dish, and  black  slates  and  some  quartzites  represent  the  Cambrian  in 
southeastern  Newfoundland,  Cape  Breton  Island,  New  Brunswick,  and 
parts  of  eastern  New  England.  These  rocks  are  many  hundreds  of  feet 
in  thickness  and  the  Lower,  Middle,  and  Upper  Cambrian  are  recognized. 
The  most  important  feature  of  the  Cambrian  in  this  area  is  the  nature 
of  the  fossils  which  are  practically  identical  with  northwestern  European 
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Cambrian  fossils  but  entirely  different  from  those  in  the  rest  of  North 
America.  This  can  only  mean  that  intermigration  of  fossil  species 
between  the  maritime  Canada-eastern  New  England  region  and  Europe 
could  occur  freely  in  Cambrian  time,  and  that  a  barrier  of  some  sort, 
probably  land,  prevented  the  mingling  of  this  Atlantic  fauna  with  the 
marine  shallow-water  organisms  of  the  North  American  interior. 

The  Appalachian  Region 

Strata  of  Cambrian  age,  more  or  less  altered  by  heat  and  pressure, 
are  seen  in  a  nearly  continuous  belt  lying  in  the  eastern  part  of  the  Appa- 
lachian Mountains  extending  from  northwestern  Newfoundland  to 
Alabama.  The  Cambrian  rests  unconformably  on  metamorphosed 


FIG.  54. — Lower  Cambrian  quartzito  on  Potomac  River  at  Harpers  Ferry,  Va.  The 
strata  are  steeply  inclined  as  a  result  of  mountain-making  movements  in  late  Paleozoic 
time.  View  looking  downstream  eastward  toward  the  Blue  Ridge.  (Maryland  Geol 
fiyroey.) 

Proterozoic  or  Archeozoic  rocks.  In  eastern  New  York  and  southeastern 
Pennsylvania  the  Cambrian  outcrop  is  marked  by  rounded  hills,  but 
west  of  the  Blue  Ridge  in  Virginia  and  Tennessee  the  rocks  of  this  system 
produce  some  of  the  loftiest  and  most  rugged  topography  of  the  entire 
Appalachians. 

Appalachia  and  the  Appalachian  Geosycline. — The  clastic  character 
of  the  Early  Cambrian  formations  throughout  the  Appalachian  region 
is  a  distinctive  feature  of  initial  Paleozoic  deposition,  indicating  that 
the  near-by  land  from  which  the  sediments  were  derived  had  considerable 
relief  and  was  eroded  rapidly.  A  general  increase  in  coarseness  and  thick- 
ness of  sand  and  conglomerate  from  west  to  oast  leads  to  the  conclusion 
that  the  chief  source  of  these  sediments  lay  to  the  east  of  the  area  of 
deposition,  Similar  evidence  is  seen  in  various  later  Paleozoic  deposits. 
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Evidently,  therefore,  a  somewhat  continuous  land  area. extended  along 
the  eastern  border  of  the  continent  during  the  Paleozoic  era,  and  at  times 
parts  of  the  land  were  strongly  elevated.  This  borderland,  generally 
separated  from  the  main  part  of  North  America  by  a  recurring  seaway, 
has  been  termed  Appalachia.  The  elongate  gulf  or  strait  west  of  Appa- 
lachia,  which  at  times  was  broadened  by  advance  of  the  waters  over  the 
Continental  Interior,  was  never  very  deep  if  we  may  judge  from  the 
frequent  temporary  marine  withdrawals  and  the  common  presence  of 
ripple  marks,  cross-bedding,  and  other  indications  of  shallow  water  in 
the  formations  laid  down  here.  But  the  fact  that  the  sea  tended  to 
advance  first  and  stay  longest  in  this  belt  between  Appalachia  and  the 
Continental  Interior  and  the  accumulation  here  of  maximum  thicknesses 
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FIG.  55. — Geologic  section  in  southeastern  Pennsylvania  showing  relations  of  Cambrian 
formations  to  older  and  younger  rocks.  (From  International  Geol.  Cong.  Guidebook  7,  after 
Arthur  Keith,  U.  S.  GeoL  Survey.} 

of  sediment  show  that  this  was  a  tract  tending  progressively  to  sink. 
Accordingly,  this  belt  is  designated  as  the  Appalachian  trough  or  geosyn- 
cline.  In  contrast  to  the  periodically  uplifted  or  positive  crustal  zone  of 
Appalachia,  the  Appalachian  geosyncline  is  a  persistently  downwarped 
or  negative  area  (see  Fig.  7). 

The  northern  Appalachians  have  been  so  intensely  folded  and  faulted 
in  post-Cambrian  time  that  it  is  difficult  to  determine  the  complete 
character  or  thickness  of  the  Cambrian  rocks.  Only  the  Low^Cambrian, 
consisting  of  slaty  and  quartzitic  rocks,  is  present  in  the  mountain  belt 
of  eastern  New  York  and  western  New  England,  although  Upper  Cam- 
brian strata  occur  a  short  distance  to  the  west. 

The  central  Appalachians,  from  eastern  Pennsylvania  to  southwestern 
Virginia,  contain  a  thick  Cambrian  section  that  is  well  exposed  in  many 
places.  The  Lower  Cambrian  is  5,000  to  9,000  feet  thick,  with  conglom- 
eratic, sandy,  and  shaly  beds  at  the  base  (2,300  to  5,100  feet),  overlain 
by  massive  dolomite  (1,000  to  2,500  feet),  and  reddish  sandy  shale  (1,000 
to  1,500  feet);  the  Middle  and  lower  Upper  Cambrian  consists  of  about 
3,000  feet  of  shaly  limestone;  and  the  upper  Upper  Cambrian  (Ozarkian) 
is  made  up  of  sandy  and  cherty  dolomite  about  2,000  feet  thick  (Fig.  56). 
The  succession  and  thickness  of  the  major  lithologic  divisions  are  about 
the  same  in  Pennsylvania,  Maryland,  and  Virginia.  The  hard  quartzitic 
beds  in  the  lower  part  of  the  Cambrian  make  prominent  mountain  ridges, 
while  the  calcareous  and  shaly  beds  tend  to  form  valleys,  except  in  the 
case  of  certain  cherty  and  sandy  limestones. 
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The  southern  Appalachians  contain  the  greatest  thickness  of  Cambriau 
rocks  in  the  eastern  United  States,  for  the  North  Carolina-Tennessee 
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FIG.  56. — Typical  sections  of  the  Cambrian  system  in  selected  regions. 

district  shows  10,000  to  nearly  18,000  feet  of  beds  belonging  to  this 
system.     The  Lower  Cambrian  is  most  prominent,  consisting  mainly 
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of  very  hard,  massive  quartzitcs  that  make  some  of  the  most  rugged 
topography  of  the  Appalachian  Mountains.  The  average  thickness  of 
the  Lower  Cambrian  series  in  this  region  is  about  10,000  feet.  The  grains 
of  the  quart zite  are  mostly  rather  coarse  and  there  is  much  conglomerate. 
Dark  slaty  formations  are  interbedded  with  the  quartzite.  The  enor- 
mous quantity  of  this  rock  waste,  its  increasing  coarseness  and  thickness 
in  an  eastward  direction,  and  other  characters  point  to  the  former  exist- 
ence of  a  mountainous  highland  east  of  the  belt  now  occupied  by  the 
Lower  Cambrian  sediments.  It  is  estimated  that  this  long-vanished 
mountain  chain  extended  at  least  200  miles  from  southwest  to  northeast 
and  that  in  height  and  grandeur  it^  was  comparable  to  the  present-day 
Alps.  The  presence  of  Lower  Cambrian  (Waucoban)  marine  fossils  and 
thick  limestone  near  the  top  of  the  great  sand  and  conglomerate  series 
shows  (1)  that  the  time  when  the  mountains  existed  in  this  region  was 
at  least  earlier  than  late  Early  Cambrian,  and  (2)  that  before  the  early 
middle  part  of  Cambrian  time  erosion  had  reduced  the  mountains  to 
lowlands.  The  mountains  that  are  thus  evidenced  by  the  products  of 
their  obliteration  have  been  named  the  Ocoee  Mountains.  It  is  possible 
that  the  elevation  of  the  Ocoee  Mountains  and  the  deposition  of  the  great 
thickness  of  sediments  derived  from  them  belong  to  Late  Proterozoic 
rather  than  Early  Cambrian  time. 

Middle  Cambrian  limestone  beds  (Rutledge,  lower  Conasauga)  are 
recognized  in  the  southern  Appalachian  area  but  their  thickness  does  not 
exceed  500  feet. 

An  unusually  complete  Upper  Cambrian  section  occurs  in  Alabama. 
The  lower  Upper  Cambrian  (St.  Croixan)  is  here  represented  by  thin- 
bedded  and  shaly  limestone  about  1,600  feet  in  maximum  thickness. 
Well-preserved  fossils  are  abundant  in  these  beds  locally.  The  upper 
Upper  Cambrian  (Ozarkian)  rests  unconformably  on  underlying  beds  and 
in  places  is  found  directly  on  Lower  Cambrian.  The  total  thickness  of 
the  Ozarkian  ranges  up  to  4,500  feet.1  It  consists  almost  entirely  of 
massive  dolomite  beds,  part  of  which  contains  much  silica  in  the  form  of 
chert  and  finely  disseminated  particles.  This  great  thickness  of  cal- 
careous sediment  evidently  represents  a  long  time  of  deposition. 

The  Continental.Interior 

The  Cambrian  deposits  of  the  Continental  Interior,  that  is,  of  areas 
between  the  Appalachian  trough  and  the  similar  belt  of  thick  sediments  in 
the  west  known  as  the  Cordilleran  trough,  are  generally  distinguished  by 
an  absence  of  beds  older  than  Upper  Cambrian,  by  a  total  thickness  that 
is  measured  in  hundreds  rather  than  thousands  of  feet,  and  by  a  relative 

1  Charles  Butts,  of  the  U.  S.  Geological  Survey,  classes  the  Chepultepec  dolomite 
(1,100  feet)  as  upper  Ozarkian  rather  than  Lower  Ordovician.  If  this  formation  is 
included  in  the  Ozarkian,  the  total  thickness  of  this  series  in  Alabama  is  5,600  feet. 
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importance  of  sandy  sediments.  Everywhere 
there  is  a  profound  unconformity  at  the  base  of 
the  Cambrian,  the  underlying  crystalline  rocks 
having  been  worn  down  in  most  places  to  a 
nearly  featureless  plain.  Basal  conglomerates 
occur  in  many  places.  The  lack  of  earlier  Cam- 
brian in  this  interior  region  indicates  that  the 
land  remained  above  sea  level  until  the  latter  part 
of  the  period,  when  advancing  waters  gradually 
flooded  a  very  large  part  of  the  continent.  The 
presence  of  the  sea  is  shown  not  only  by  wide- 
spread uniformity  of  lithologic  characters  and 
even  stratification,  but  by  abundant  remains  of 
marine  organisms  in  many  of  the  beds.  The 
gradual  nature  of  the  sea  transgression  is  marked 
in  some  places  by  the  occurrence  of  progressively 
younger  deposits  resting  directly  on  pre-Cambrian 
rocks  in  the  direction  of  marine  invasion. 

Adirondack  Region. — In  the  Adirondack  region 
of  northeastern  New  York,  Upper  Cambrian 
sandstone  and  dolomites  are  exposed  on  the  north, 
east,  and  part  of  the  south  sides  of  the  mountain 
area,  showing  in  many  places  overlap  of  the 
younger  beds.  On  the  west  side  of  the  uplift, 
however,  the  Cambrian  is  overlapped  by 
Ordovician  rocks. 

Lake  Superior  Region. — A  large  area  south 
of  Lake  Superior  in  Minnesota,  Wisconsin,  and 
northern  Michigan  is  occupied  by  the  Upper 
Cambrian,  consisting  largely  of  sandstone  (St. 
Croixan),  in  part  strongly  cross-bedded,  but 
containing  thick  limestone  and  dolomite  beds  in 
the  upper  part  (Qzarkian).  The  total  thickness 
is  about  1,500  feet.  These  beds  extend  under 
cover  of  younger  formations  far  to  the  south. 
Some  layers  contain  abundant  fossils. 

Ozark  Region. — Cambrian  beds  appear  at 
the  surface  in  the  Ozark  region  of  south  central 
Missouri.  Feldspathic  sandstone,  with  locally 
a  coarse  basal  conglomerate,  is  the  lowermost 
formation  of  the  Cambrian  section  resting 
unconformably  on  crystalline  rocks,  the  succeeding 
strata  of  the  system  consisting  of  several  hundred 
feet  of  massive  dolomite,  dolomitic  limestone, 
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calcareous  shale,  and  sandstone  (see  Fig.  57).  At  the  time  the 
sea  reached  this  region  there  were  rounded  hills  standing  more 
than  1,000  feet  above  valley  lowlands,  and  the  sandy  and  calcareous 
sediments  first  accumulated  in  the  depressions  before  covering  the  hills. 
The  bedding  planes  show  a  marked  tendency  toward  parallelism  with  the 
uneven  old  topography,  however,  sloping  more  or  less  steeply  on  all  sides 
from  the  hills  toward  the  valleys.  This  appears  to  indicate  that  the 
sediments  were  spread  in  blankets  of  subuniform  thickness  over  this 
rough  topography.  Excess  deposition  in  the  lower  areas  eventually 
must  have  obliterated  inequalities  of  the  sea  bottom,  but  differential 
compaction  of  the  thick  and  thin  columns  of  sediments  over  the  valleys 
and  hills,  respectively,  would  result  in  partial  accordance  of  present 
structure  of  the  stratified  rocks  and  the  buried  crystalline  rock  topog- 
raphy. The  lithologic  nature  of  the  sedimentary  strata  and  the  magni- 
tude of  the  structure  indicate  that  the  first  factor  is  probably  much  more 
important  than  the  second. 

The  Ozark  region  contains  the  type  section  of  the  upper  Upper  Cam- 
brian formations  called  Ozarkian.  The  rocks  of  this  series  consist  almost 
entirely  of  gray  crystalline  dolomite  containing  much  chert.  The  total 
average  thickness  is  about  750  feet.  Important  unconformities  occur 
at  the  base  and  top  of  the  Ozarkian  beds  and  there  is  at  least  one  impor- 
tant break  within  the  series.  The  latter,  according  to  the  view  of  some 
geologists,  defines  the  boundary  between  Cambrian  and  Ordovician. 

Oklahoma  and  Texas. — The  oldest  formations  exposed  in  the  intensely 
folded  and  faulted  Ouachita  Mountains  of  southeastern  Oklahoma  are 
dark  sandy  shales  of  Cambrian  age,  but  the  base  of  the  Paleozoic  section 
is  not  exposed.  The  Cambrian  outcrop  area  is  small,  the  rocks  have 
been  much  metamorphosed,  and  the  incompleteness  of  the  section 
prevents  definite  conclusions  concerning  conditions  in  Cambrian  time. 
In  the  Arbuckle  and  Wichita  Mountains,  farther  west  in  southern 
Oklahoma,  complete  exposures  of  the  Cambrian  show  a  sequence  of  beds 
consisting  of  sandstone,  grading  upward  into  limestone,  the  total  thick- 
ness amounting  to  more  than  4,000  feet  (see  Fig.  62).  Only  Upper 
Cambrian  (St.  Croixan  and  Ozarkian)  time  is  represented.  Similar 
conditions  are  indicated  in  the  Llano  region  of  central  Texas,  and  near 
El  Paso,  in  westernmost  Texas.  A  remarkable  persistence  of  lithologic 
and  paleontologic  characters  is  shown  by  the  occurrence  of  almost  identical 
types  of  rocks  and  fossils  in  the  Cambrian  formations  of  regions  as  far 
distant  from  one  another  as  Missouri  and  central  Texas.  Each  of  these 
areas,  however,  contains  beds  that  are  not  found  in  the  other. 

Black  Hills. — The  Black  Hills  in  western  South  Dakota  are  girdled 
by  outcrops  of  Upper  Cambrian  sandstone,  5  to  400  feet  thick,  that 
closely  resembles  the  sandstone  of  corresponding  age  in  Wisconsin, 
far  to  the  east,  and  of  the  Bighorn  Mountains  in  Wyoming,  some  200 
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miles  to  the  west.  The  pro-Cam  brian  topography  in  this  region  was 
nearly  featureless,  for  there  are  no  large  local  irregularities  in  the  thick- 
ness of  the  sandstone,  but  rather  a  gradual  thinning  from  north  to  south. 
Colorado  and  Wyoming. — The  upturned  sedimentary  formations  that 
border  the  crystalline  core  of  the  Rockies  in  Colorado  and  Wyoming,  as 
seen  in  numerous  exposures,  include  sandstone  at  the  base  overlain  by 
magnesian  limestone,  the  total  thickness  being  200  to  400  feet.  These 
beds  correspond  in  general  character  to  the  Upper  Cambrian  deposits 
of  the  plains  region  to  the  east  and  like  them  contain  no  fossils  older  than 
Upper  Cambrian.  The  records  here,  therefore,  prove  that  the  sea  did 


FIG.  58. — Middle  and  Upper  Cambrian  formations  in  the  House  Rock  Range  of  western 
Utah.  The  thickness  of  the  entire  Cambrian  system  here  exceeds  8,900  feet  (see  Fig.  5(i). 
(C.  D.  Walcott,  U.  S.  Gcol.  Survey.) 

not  cover  this  region  until  relatively  late  in  the  period,  and  the  evenness 
of  the  contact  at  the  base  of  the  Cambrian  sandstone  (see  Fig.  23) 
shows  the  featureless  nature  of  the  surface  that  had  been  produced  by 
earlier  erosion. 

The  Cordilleran  Region 

Eastern  California,  Nevada,  western  Utah,  and  various  places  north- 
ward into  the  Canadian  Rockies  contain  very  thick  deposits  of  Cambrian 
age.  This  country  is  known  as  the  Cordilleran  region.  The  character 
and  fossil  content  of  the  Cambrian  rocks  in  the  Cordilleran  belt  have  been 
made  known  mainly  by  the  studies  of  the  late  Dr.  Charles  D.  Walcott, 
who  for  many  years  was  director  of  the  United  States  Geological  Survey 
and  later  secretary  of  the  Smithsonian  Institution. 

As  in  the  Appalachian  district,  the  Lower  Cambrian  of  the  Cordilleran 
region  is  very  thick  (about  7,000  feet)  and  consists  predominantly  of 
sand  in  the  form  of  sandstone  and  quartzite.  The  sand  is  composed 
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almost  entirely  of  well-rounded  quartz  grains,  representing  the  well- 
sorted,  most  resistant  part  of  the  rock  waste  derived  by  erosion  of  an 
adjacent  land.  The  chief  source  of  these  sediments  appears  to  have 
been  on  the  west  side  of  the  area  of  deposition,  for  the  thickness  and 
coarseness  of  the  sand  increase  from  east  to  west.  The  inferred  land 
mass  has  been  named  Cascadia  and  the  belt  in  which  the  great  thickness 
of  Cambrian  sediments  accumulated  is  designated  the  Cordilleran  trough 
or  geosyncline. 

The  Middle  and  Upper  divisions  of  the  Cambrian  in  the  Cordilleran 
trough  consist  mainly  of  calcareous  sediments,  thin  and  massively 
bedded,  sandy  and  shaly  limestone,  and  dolomite  (see  Fig.  56);  their 
thickness  in  places  is  8,500  feet.  Marine  invertebrate  fossils  are  abundant 
in  many  of  the  formations.  The  rate  of  deposition  of  calcareous  material 
on  the  sea  floor  is  not  rapid,  and  accordingly  the  time  represented  by  this 
great  section  of  limestone  and  dolomite  must  be  very  long.  The  Middle 
Cambrian  of  British  Columbia  contains  4,000  to  6,000  feet  of  unfossilifer- 
ous  limestone,  and  the  Upper  Cambrian  has  ripple-marked  beds  with 
raindrop  impressions  and  large  salt  cubes  which  indicate  very  shallow 
water  and  temporary  exposure  to  the  atmosphere.  The  Cambrian  beds 
of  the  Canadian  Rockies  are  very  little  disturbed  in  many  places,  and 
magnificent  sections  of  the  nearly  flat-lying  strata  appear  in  mountain 
sides  (Fig.  50). 

The  Cambrian  of  the  southern  part  of  the  Cordilleran  geosyncline  is 
comparatively  thin.  In  the  well-exposed  section  of  the  Grand  Canyon, 
where,  as  we  have  observed,  there  is  sandstone  at  the  base  resting  on  a 
relatively  even  surface  of  older  rocks,  shaly  sand  and  sandy  shale,  and  at 
the  top  limestone,  only  the  Middle  Cambrian  is  present,  its  thickness 
amounting  to  approximately  1,000  feet. 

CAMBRIAN  FORMATIONS  OF  OTHER  CONTINENTS 

In  the  region  where  the  Cambrian  rocks  were  named — Wales — and  in  adjacent 
parts  of  the  British  Isles,  the  total  thickness  of  deposits  of  this  age  is  reported  to 
exceed  12,000  feet.  The  strata  consist  largely  of  sandstone  and  shale  and  they  have 
been  considerably  folded  and  faulted.  The  Cambrian  is  represented  also  on  the 
continent  6f  Europe  in  Sweden,  northern  Russia,  France,  Czechoslovakia,  Sardinia, 
and  Spain,  some  of  the  beds  in  central  Europe  being  well-known  on  account  of  their 
abundant  well-preserved  fossils. 

The  Cambrian  seas  invaded  Asia.  Thick  accumulations  of  sediment  are  found  in 
China  (maximum  about  20,000  feet),  India,  and  elsewhere.  Upper  Cambrian  rocks 
occur  in  Australia  and  in  South  America. 

PHYSICAL  HISTORY  OF  THE  CAMBRIAN  PERIOD 

The  history  of  the  North  American  continent  during  Cambrian  time, 
including  an  account  of  general  geographic  and  physical  conditions  and  a 
record  of  important  events,  is  constructed  from  study  of  the  Cambrian 
formations.  Conclusions  are  limited  by  the  extent  to  which  outcrops 
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furnish  data  and  by  the  thoroughness  of  observation  and  accuracy  of 
interpretation  that  have  been  given  to  study  of  these  outcrops. 

Waucoban  Epoch. — The  Waucoban  (Early  Cambrian)  epoch  may  be 
considered  to  have  begun  with  the  deposition  of  the  oldest  determinable 
Cambrian  sediments.  Preceding  this  there  had  been  the  very  long  time 
of  erosion  that  is  marked  by  the  sub-Cambrian  unconformity.  The 
continents  were  then  about  as  large  as  now  or  perhaps  larger,  and 
the  seas  were  restricted  almost  wholly  to  the  oceanic  basins.  The  seas 
of  earliest  Cambrian  time  began  to  advance  on  North  America  but  at 
first  they  covered  only  a  small  part  of  the  continent  in  the  Appalachian 
and  Cordilleran  troughs.  Elsewhere  the  land  surface  continued  to  be 
exposed  to  the  atmosphere  and  to  agencies  of  erosion.  Later — for  the 
most  part  very  much  later  in  the  Cambrian  period — parts  of  the  land 
between  the  geosynclinal  troughs  were  submerged  and  covered  by  sedi- 
ments. It  is  evident  that  the  unconformity  in  the  latter  region  repre- 
sents a  much  longer  time  than  that  beneath  the  oldest  Cambrian  in  the 
geosynclines,  and  that  the  later  part  of  the  time  of  erosion  belongs  to  the 
Cambrian.  Time  is  continuous,  and  in  the  places  where  Middle  or 
Upper  Cambrian  rocks  rest  on  the  pre-Cambrian  it  is  not  possible  to 
determine  how  much  erosion  occurred  in  Proterozoic  and  how  much  in 
Cambrian  time. 

During  much  of  the  Early  Cambrian  epoch,  including  especially  the 
first  part,  the  borderlands  of  Cascadia  and  Appalachia  were  relatively 
high  land.  Judged  by  the  volume  and  coarseness  of  the  products  of 
erosion  of  western  Appalachia,  this  was  a  lofty  mountain  belt  which 
has  been  named  the  Ocoee  Mountains.  The  occurrence  of  the  oldest 
known  Cambrian  in  the  western  part  of  the  Cordilleran  geosyncline 
(vicinity  of  Death  Valley  in  eastern  California  and  southwestern  Nevada) 
and  the  presence  of  progressively  younger  beds  at  the  base  of  the  Cam- 
brian going  eastward  show  also  that  the  Cambrian  sea  first  occupied  the 
western  part  of  the  trough  and  then  gradually  transgressed  eastward. 
The  Lower  Cambrian  sediments  generally  are  characterized  by  the  large 
proportion  of  sand,  which  now  occurs  in  the  form  of  quartzite.  The 
distinctive  characters  of  the  Appalachian  and  Cordilleran  geosynclines, 
which  consist  of  downward  yielding  belts  filled  with  great  quantities  of 
sediments,  were  well  defined  in  Early  Cambrian  time.  Indeed,  there 
is  evidence  that  these  features  were  in  existence  during  part,  at  least, 
of  the  Proterozoic  era. 

As  time  elapsed,  the  higher  portions  of  the  borderlands  were  gradually 
worn  down  until,  like  the  Continental  Interior  and  probably  most  of  the 
Canadian  Shield  region,  they  stood  little  above  sea  level.  Evidence  of 
this  is  found  in  the  growing  fineness  and  finally  the  virtual  absence  of  land- 
derived  detritus,  for  the  upper  part  of  the  Waucoban  deposits,  in  both 
the  west  and  the  east,  consist  of  shale  and  limestone.  In  Pennsylvania 
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the  limestone,  mostly  u  dolomite,  attains  a  thickness  of  more  than  2,500 
feet,  and  elsewhere  in  the  Appalachian  region  this  deposit  of  clear  waters 
is  commonly  more  than  1,000  feet  thick. 

•*  The  seas  that  invaded  the  eastern  and  western  geosynclines  were 
inhabited  by  many  kinds  of  shallow-water  organisms,  and  the  faunas 
are  so  nearly  identical  that  one  cannot  doubt  the  existence  of  a  connection 
between  the  seas  in  which  species  could  intermigrate  freely.  This  con- 
nection is  believed  to  have  been  in  the  far  north  (Arctic).  There  are 
indications  also  of  some  mingling  of  this  northern  fauna  with  that  of  the 
Pacific  Province  which  is  most  typically  developed  in  eastern  Asia.  A 
contemporaneous  but  entirely  distinct  marine  fauna -is  found  in  eastern- 
most Canada  and  New  England  and  in  part  of  Europe.  It  represents  the 
Atlantic  Province. 

The  close  of  the  Early  Cambrian  epoch  is  marked  by  disappearance, 
above  a  certain  point  in  the  rock  strata,  of  organisms  that  up  to  this 
time  had  been  fairly  common  and  widespread,  and  by  introduction  in 
rocks  of  later  age  of  various  new  kinds  of  animals  which  persisted  for  a 
tong  time  and  which  likewise  became  very  widely  distributed. 

Acadian  Epoch. — As  in  the  early  part  of  the  Cambrian  period,  the 
seas  which  advanced  over  part  of  North  America  in  the  Acadian  (Medial 
Cambrian)  epoch  appear  to  have  been  restricted  to  the  geosynclines. 
Rocks  of  this  age  attain  a  thickness  of  more  than  6,000  feet  in  the  Cor- 
dilleran  region.  They  consist  mainly  of  thin-bedded  sandy  and  shaly 
limestone,  some  parts  of  which  contain  abundant  fossils.  The  nature 
of  the  sediments  shows  that  the  waters  were  clear  and  that  adjacent  lands 
were  very  low.  Weathering  processes  must  have  continued  on  these 
lands,  but  the  streams  were  evidently  too  sluggish  to  carry  other  than 
fine  sediments  into  the  sea.  Whether  or  not  there  was  any  vegetation 
on  these  ancient  lands  is  entirely  unknown,  but  if  there  was  it  must  have 
been  of  a  very  low  order.  The  thickness  of  calcareous  sediments,  which 
presumably  accumulate  slowly,  indicates  the  great  length  of  time  which 
is  included  in  this  epoch. 

In  the  Appalachian  geosyncline,  several  hundred  feet  of  thin-bedded, 
siliceous  limestone  occurs  above  reddish  sandstone  and  shale  of  the  upper 
Lower  Cambrian.  Fossils  are  not  abundant,  but  those  which  are  found 
correspond  most  closely  to  forms  from  the  western  Middle  Cambrian. 

Middle  Cambrian  deposits  which  are  found  in  eastern  Newfoundland, 
New  Brunswick,  Nova  Scotia,  and  eastern  New  England  are  of  special 
interest  because  they  lack  the  distinctive  assemblage  of  fossils  that  occurs 
in  other  parts  of  North  America  but,  on  the  other  hand,  contain  a  fauna 
practically  identical  with  that  of  certain  European  localities.  Evidently 
there  were  no  free  means  of  communication  between  the  eastern  Canada- 
New  England  region  and  western  parts  of  the  continent.  Also,  since 
invertebrates  of  the  type  represented  by  the  Cambrian  fossils  could  not 
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have  crossed  abyssal  ocean  depths,  and  since  identity  of  fauna!  charac- 
ters cannot  reasonably  be  assumed  to  have  arisen  independently  and 
simultaneously  in  distant  isolated  regions,  we  must  conclude  that  a 
shallow-water  means  of  migration  existed  between  the  east  side  of  Appa- 
lachia  and  the  Old  World.  The  location  of  this  shallow-water  pathway 
is  not  known,  but  there  is  evidence  that  throughout  most  of  Paleozoic 
time  there  was  a  land  mass  (Atlantis)  extending  across  what  is  now  part 
of  the  North  Atlantic,  and  intermigration  of  marine  organisms  doubtless 
followed  its  borders.  The  nature  and  distribution  of  fossil  faunas,  as 
well  as  the  character  of  the  Cambrian  sediments,  thus  support  the  con- 
clusion that  the  geography  of  Early  Paleozoic  time  was  very  unlike  that  of 
the  present.  Most  of  the  deposits  containing  faunas  of  European  affini- 
ties, laid  down  on  the  eastern  shores  of  Appalachia  and  in  parts  of  the 
Atlantic  realm  that  are  now  occupied  by  deep  water,  are  inaccessible  and 
some  of  them  have  been  destroyed  by  erosion. 

St.  Croixan  Epoch. — The  outstanding  event  of  the  St.  Croixan  (early 
Late  Cambrian)  epoch  is  the  gradual  inundation  of  the  interior  of  the 
continent  until  most  of  the  country  between  the  two  geosynclines  and 
south  of  the  Canadian  Shield  was  covered  by  a  wide  shallow  sea.  The 
deposits  that  were  formed  in  this  interior  region  rest  directly  on  pre- 
Cambrian  crystalline  rocks.  The  conclusion  that  this  great  transgression 
of  the  sea  took  place  at  a  time  that  is  later  than  the  Early  and  Medial 
Cambrian  epochs  is  indicated  by  equivalence  of  fossils  in  the  Late 
Cambrian  sediments  with  those  in  upper  parts  of  the  Cambrian  in  the 
geosynclinal  areas.  Everywhere  the  lower  part  of  the  Cambrian  deposits 
of  the  interior — and  in  places  all  of  them — consists  of  sandstone.  Locally 
there  is  a  basal  conglomerate  made  up  of  fragments  of  hard  pre-Cambrian 
rocks,  broken  and  shifted  about  by  waves  of  the  advancing  Cambrian 
sea.  Very  extensive  cross-bedding  in  some  of  the  sandstones  indicates 
shallow  water  and  strong  currents. 

In  the  Cordilleran  trough,  deposits  representing  the  early  Late 
Cambrian  epoch  consist  mainly  of  limestone,  and  in  places  they  have  a 
thickness  of  more  than  3,500  feet.  These  rocks  are  conformable  on  the 
Middle  Cambrian.  Though  there  is  a  difference  in  the  fossils  of  the  two 
divisions,  there  is  no  physical  evidence  of  an  interruption  of  sedimenta- 
tion. The  St.  Croixan  sediments  of  the  Appalachian  trough  consist 
mainly  of  limestone  and  some  shale.  The  thickness  is  mostly  less  than 
1,000  feet,  and  in  places  rocks  of  this  age  are  missing.  Absence  of  these 
sediments  may  mean  either  that  no  deposits  were  formed  in  these  places 
in  the  St.  Croixan  epoch  or  that,  erosion  removed  them  before  the  next 
younger  formations  were  laid  down. 

Ozarkian  Epoch. — Time  included  in  the  Ozarkian  epoch  is  here 
regarded  as  comprising  the  latent  par!  of  the  Cambrian  period.  The 
rocks  consist  almost  entirely  of  dolomitic  and  mostly  very  siliceous,  cherty 
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limestones.  They  are  found  in  the  western  and  eastern  troughs  and  in 
the  Continental  Interior.  That  the  Ozarkian  epoch  represents  a  distinct 
chapter  in  the  historical  record  is  indicated  by  general  recognition  of 
unconformities  above  and  below  the  formations  of  this  age,  and  also  by 
distinguishing  characters  of  the  fossil  life.  The  time  represented  by  the 
Ozarkian  epoch  is  long,  as  shown  by  the  fact  that  in  places  more  than 
5,000  feet  of  calcareous  rocks  were  formed.  The  uniformly  calcareous 
and  magnesian  character  of  the  Ozarkian  strata  denotes  clear  seas 
bordered  by  low  featureless  lands.  Lime-depositing  seaweeds  (algae) 
were  an  abundant  and  characteristic  feature  of  these  clear,  shallow  seas. 

Close  of  the  Cambrian. — Throughout  most  of  North  America  and  in 
other  continents  the  strata  deposited  in  Cambrian  time  were  not  disturbed 
by  folding  or  faulting  prior  to  the  laying  down  of  beds  that  are  regarded 
as  Ordovician.  Therefore,  the  younger  strata  are  mostly  parallel  to  and 
apparently  conformable  upon  the  Cambrian;  indeed,  where  fossils  are 
scanty,  the  division  between  the  systems  may  be  difficult  to  determine. 
Nevertheless,  the  abrupt,  well-marked  change  in  the  nature  of  the  fossils 
that  are  found  in  the  strata  next  above  those  classed  as  Cambrian 
supports  the  conclusion  that  the  seas  were,  for  a  time,  almost  entirely 
withdrawn  from  the  continent.  The  interruption  of  sedimentation  and 
break  in  the  continuity  of  the  life  record  marks  the  close  of  the  Cambrian 
period. 

In  western  New  England  and  part  of  eastern  Canada  the  former  sea 
bottom  of  Cambrian  time  appears  to  have  been  sharply  elevated,  with 
possibly  some  folding  and  faulting.  The  lower  part  of  the  Ordovician 
system  in  this  region  includes  conglomerates  with  cobbles  and  boulders 
that  contain  Cambrian  fossils.  The  rock  fragments  of  these  conglomer- 
ates are  mostly  angular;  some  of  them  are  very  large,  up  to  one  or  more 
tons  in  weight;  and  locally  there  are  masses  up  to  150  feet  in  length. 
Conglomerates  with  contained  rock  masses  of  such  huge  size  are  indeed 
puzzling.  They  have  been  interpreted  (Schuchert)  as  in  part  the  result 
of  rock  slides  from  sea  cliffs  undercut  by  the  early  Ordovician  sea;  also 
(Collie,  Bailey,  Field)  as  submarine  landslips  accompanying  earthquakes 
due  to  movement  along  a  prominent  fault  line  which  is  present  in  this 
region.  At  all  events,  there  is  evidence  of  crustal  instability  involving 
disturbance  of  the  Cambrian  rocks  at  about  this  time.  Schuchert  has 
designated  this  movement  as  the  Green  Mountains  disturbance. 

Climate. — Southern  Australia  contains  outcrops  of  glacial  tillite 
hundreds  of  feet  thick  and  traceable  along  the  outcrop  for  nearly 
500  miles.  The  tillites  occur  below  fossiliferous  Lower  Cambrian  strata. 
Similar  tillites  just  below  Lower  Cambrian  rocks  occur  in  northern 
Norway,  and  they  are  found  unconformably  beneath  Middle  Cambrian  in 
central  China.  Glacial  deposits  containing  striated  bowlders  have  been 
found  also  at  several  places  near  Salt  Lake  City,  Utah,  the  deposits 
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occurring  beneath  Cambrian  marine  strata  (Blackwelder,  1932).  These 
glacial  deposits  have  been  interpreted  as  belonging  in  the  Lower  Cambrian, 
but  it  is  probable,  on  the  other  hand,  that  they  belong  to  the  time  of  land 
elevation  that  closed  the  Proterozoic  and  preceded  earliest  Cambrian 
sedimentation.  In  any  case  there  is  widely  scattered  evidence  of  cold 
climate  near  the  beginning  of  the  Cambrian  period. 

Barrell  interprets  the  environment  under  which  the  coarse  Lower 
Cambrian  sediments  of  the  Appalachian  region  were  deposited  as  cool 
and  moderately  dry,  which  is  indicated  by  dominance  of  mechanical 
over  chemical  weathering  with  little  oxidation,  by  presence  of  abundant 
fresh  feldspars  and  lack  of  much  carbon  in  these  sediments.  Later,  the 
widespread  limestones,  with  abundant  and  fairly  uniform  kinds  of  organ- 
isms, and  especially  the  formation  of  great  sponge  reefs,  as  in  Australia 
and  even  Antarctica,  point  to  warmer  and  fairly  equable  conditions. 
Some  of  the  Upper  Cambrian  formations  appear  to  have  been  deposited 
under  warm  moist  conditions  on  land,  which  favored  thorough  chemical 
disintegration.  Inferences  concerning  climatic  conditions  at  this  ancient 
period  of  earth  history  are  rather  insecure,  however. 

Duration  of  Cambrian  Time. — The  length  of  the  Cambrian  or  of 
other  geologic  periods  cannot  be  measured  accurately  in  terms  of  years. 
An  estimate  of  the  rate  of  accumulation  of  the  various  sediments  multi- 
plied by  the  observed  thickness  of  the  Cambrian  beds  gives  an  approxi- 
mate value  for  the  duration  of  time  represented  in  the  deposition  of 
these  materials,  but  to  this  must  be  added  an  indeterminate  time  to 
cover  the  lost  intervals  marked  by  unconformities  when  deposition  was 
interrupted.  Such  an  estimate  based  on  study  of  Cambrian  deposition 
can  hardly  be  less  than  2  million  years.  Determination  of  geologic  time 
by  the  rate  of  radioactive  disintegration  suggests  a  figure  for  Cambrian 
time  amounting  to  about  105  million  years,  and  this  is  probably  nearer 
the  actual  duration  of  the  period. 

SUMMARY 

The  Cambrian  system  comprises  the  oldest  strata  that  in  many  places 
contain  fairly  abundant  fossilized  organic  remains.  They  are  separated 
from  rocks  below  by  a  great  unconformity  and  from  rocks  above  by  a 
lesser  unconformity.  Conditions  of  sedimentation  varied  regionally 
during  each  part  of  the  period  and  changed  with  lapse  of  time  in  each 
region.  The  deposits  are  divided  into  formations  defined  by  lithologic 
and  faunal  similarities,  and  into  larger  parts  called  series  that  are 
separated  mainly  on  the  basis  of  differences  in  fossils  but  in  part  on 
physical  evidence  of  interruption  of  sedimentation. 

The  Cambrian  formations  are  thickest  and  the  geologic  record  of  the 
period  is  most  complete  in  the  Appalachian  and  Cordilleran  troughs. 
Deposits  of  Early  and  Medial  Cambrian  time  are  almost  restricted  to 
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these  geosynclinal  belts.  There  is  evidence  that  the  thick,  coarse  sedi- 
ments of  Early  Cambrian  age  came  chiefly  from  lands  that  bordered  the 
geosynclines  on  the  east  (Appalachia)  and  west  (Cascadia)  where,  at  least 
in  the  former,  there  appear  to  have  been  lofty  mountains  (Ocoee  Moun- 
tains). Subsequently,  deposition  of  fine  sediments  consisting  of  shale 
and  limestone  indicates  lowering  of  lands  adjacent  to  the  Cambrian  seas. 

The  character  and  distribution  of  fossils  in  the  Cambrian  formations 
show  that  the  seas  of  this  period  in  the  geosynclinal  and  interior  parts  of 
North  America  were  freely  connected.  There  were  invasions  from  the 
north  that  were  partly  joined  with  the  Pacific  region.  Southeastern 
Newfoundland,  Nova  Scotia,  New  Brunswick,  and  eastern  New  England 
contain  Cambrian  deposits  with  an  Atlantic  fauna  that  is  like  that  of 
European  localities  and  entirely  distinct  from  other  North  American 
faunas.  A  land  barrier  separated  these  faunas. 

The  chief  event  of  later  Cambrian  time  was  the  extensive  inundation 
of  the  interior  part  of  the  continent  and  the  corresponding  wide  deposi- 
tion of  sandstone,  shale,  and  dolomitic  limestone  in  this  region,  as  well 
as  in  the  geosynclines.  There  appear  to  hav6  been  local  disturbances  of 
the  earth  crust  in  western  New  England  and  eastern  Canada  near  the 
close  of  the  period  (Green  Mountains  disturbance). 


CHAPTER  XII 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  ORDOVICIAN 

TIME 

As  commonly  defined,  the  Ordovician  period  comprises  the  second 
division  or  chapter  in  the  historical  record  of  the  Paleozoic  era.  The 
rocks  composing  the  Ordovician  system  are  broadly  differentiated  from 
those  below  and  above  by  distinguishing  features  of  their  contained 
fossils,  and  to  some  extent,  also,  by  lithologic  characters.  Definition  of 
the  upper  and  lower  boundaries  is  based  on  the  occurrence  of  widespread 
unconformities  that  denote  general  withdrawal  of  the  sea  from  the  conti- 
nent and  accompanying  hiatuses  in  the  record  of  sedimentary  deposition 
and  slowly  changing  marine  life.  As  a  matter  of  fact,  interpretation  of 
some  of  these  features  of  the  Ordovician  record  is  uncertain.  There  has 
been  and  still  exists  difference  of  opinion  as  to  definition  of  the  boundaries 
of  the  system  in  certain  places.  Where  evidences  of  physical  and  biologic 
breaks  are  very  clear  the  problem  is  simple,  but  where  interruption  of 
sedimentation  was  slight,  if  present  at  all,  there  is  less  general  agreement. 
Precise  definition  of  these  boundaries  is  not  essential  from  our  viewpoint, 
however,  for  we  seek  merely  to  determine  the  main  facts  of  the  geologic 
record  and  to  examine  the  evidence  concerning  them. 

GENERAL  NATURE  AND  DIVISIONS  OF  THE  ORDOVICIAN  ROCKS 

Lithologic  Characters. — The  Ordovician  rocks  contain  almost  all 
types  and  varieties  of  sedimentary  deposits.  There  are  conglomerates, 
sandstones,  shales  of  many  sorts,  limestones,  and  dolomites.  Some 
widely  distributed  beds  of  altered  volcanic  ash  (bentonite)  are  also  known. 
The  variety  and  complexity  of  the  lithologic  character  of  the  Ordovician 
rocks  are  thus  comparable  to  those  of  the  Cambrian  and  of  other  geologic 
systems.  The  statement,  sometimes  made,  that  the  Ordovician  is  made 
up  mainly  of  limestone  deposits,  is  essentially  true  as  applied  to  some 
regions,  but  it  gives  an  entirely  erroneous  impression  of  the  composition 
of  the  system  as  a  whole.  Some  sections  of  Ordovician  rocks  thousands 
of  feet  thick  contain  hardly  a  single  thin  bed  of  limestone.  Accordingly, 
we  may  recall  here  what  was  said  of  the  Cambrian,  that  conditions  of 
sedimentation  varied  from  place  to  place  during  each  part  of  Ordovician 
time;  and  they  also  changed  in  any  one  place  with  lapse  of  time. 

Conglomerates  are  found  chiefly  in  Lower  Ordovician  formations  of 
parts  of  eastern  Canada  and  are  distinguished  especially  by  the  angular 
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character  and  large  size  of  some  of  the  constituents.  In  the  Appalachian 
region  there  are  several  deposits  of  calcareous,  shaly  and  massive  sand- 
stone, and  in  the  Continental  Interior  there  are  some  remarkably  pure 
quartz  sandstones,  especially  one  widespread  formation  called  the  St. 
Peter  sandstone.  Some  of  the  shale  deposits  are  dark-gray  to  black  and 
very  thick.  Others  are  light-gray  and  in  places  so  calcareous  that  they 
grade  imperceptibly  into  shaly  limestone.  Still  others  are  sandy,  and 
gray,  yellowish,  or  reddish  in  color.  Many  of  the  limestone  deposits  are 
very  pure.  They  show  various  colors,  very  dark  to  light-gray,  white, 


FIG.  59. — Outcrop  of  Middle  Ordovician  thin-bedded  limestone  (Trenton)  at  Trenton  Falls, 
N.  Y.     (N.  H.  Darton,  U.  S.  Oeol.  Survey.) 

yellowish,  and  reddish.  The  texture  of  some  is  exceedingly  fine-grained 
and  dense,  while  that  of  others  is  coarse  crystalline,  almost  like  marble. 
Some  of  the  limestones  are  very  massive  and  uniform;  others  are  very 
thin-bedded  and  highly  variable.  The  dolomites  are  generally  gray, 
weathering  brownish,  mostly  massive,  and  somewhat  coarse.  Char- 
acteristic of  some  formations  is  an  irregular,  partial  dolomitization  which 
produces  a  mottled  coloring  and  gives  weathered  rock  the  appearance  of 
crumbled  concrete.  Some  of  the  limestone  and  dolomite  formations 
contain  an  abundance  of  chert.  Many  of  the  Ordovician  formations, 
especially  shales  and  limestones,  are  amazingly  fossiliferous;  indeed,  few 
geologic  systems  contain  a  more  varied  or  well-preserved  representation 
of  the  shallow- waler  son  life  of  the  time. 
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Divisions. — Based  on  lithologic  character,  fossils,  and  evidences  of 
temporary  interruptions  of  sedimentation,  the  Ordovician  rocks  of  North 
America  are  divided  into  formations  which  for  the  most  part  bear  the 
names  of  geographic  localities  where  they  were  first  studied  and  defined. 
In  some  places,  subdivisions  of  formations  have  been  named  and  described 
for  special  reasons.  Some  of  the  named  formations  are  local,  being 
recognized  only  in  a  certain  district.  Others  are  very  widespread,  and 
the  same  formation  names  are  used  wherever  they  are  recognized.  An 
example  of  the  latter  is  the  Trenton  limestone  (named  from  Trenton 
Falls,  N.  Y.).  The  use  of  a  formation  narno  at  too  groat  a  distance  from 
the  type  locality,  however,  may  lead  to  erroneous  conclusions  as  regards 
the  exact  equivalence  of  deposits  in  different  regions.  The  term  Trenton 
has  thus  been  used  unwisely  or  improperly  in  the  Mid-Continent  region 
and  western  United  States.  On  the  other  hand,  some  names  as  applied 
to  rocks  have  been  extended  to  include  deposits  that  are  not  represented 
at  the  type  locality;  examples  are  Beekmantown  and  Chazy.  The  sub- 
division and  classification  of  sedimentary  deposits  into  formations  and 
other  geologic  units,  definition  of  their  vertical  and  geographic  extent, 
related  study  of  lithology  and  fossils,  and  correct  nomenclature  of  the 
deposits  are  all  embraced  in  the  branch  of  geologic  science  called  stratig- 
raphy. In  most  cases  the  work  of  the  stratigiapher  is  intensely  interest- 
ing, and,  of  course,  it  plays  an  essential  part  in  the  delineation  of  geologic 
history.  It  is  a  task  for  the  specially  trained  worker,  however,  since 
most  of  the  problems  are  by  no  means  simple,  and  the  scope  of  required 
knowledge  is  a  bit  staggering.  For  instance,  there  are  more  than  three 
thousand  described  species  of  Ordovician  fossils  in  North  America,  and 
the  number  of  named  formations  and  other  stratigraphic  units  is  approxi- 
mately four  hundred.  Fortunately,  through  correlation  with  a  standard 
section  in  which  there  is  a  small  number  of  units,  the  great  majority  of 
these  stratigraphic  names  are  used  only  in  a  local  sense.  It  may  be 
added  that  the  so-called  standard  section  of  any  geologic  system  is  almost 
invariably  of  composite  character,  that  is,  made  up  of  units  that  are  not 
all  found  in  a  single  geologic  section.  Thus,  portions  of  a  period  that  are 
unrepresented  by  deposits  in  one  region  are  found  to  be  represented  in 
others,  and  the  complete  record  may  be  pieced  together  to  form  a  stand- 
ard general  section. 

During  Ordovician  time  there  were  three  major  transgressions  of  the 
sea  which  were  separated  by  great  or  partial  temporary  withdrawals  of 
the  sea.  These  movements  of  the  sea  define  major  groups  of  formations 
which  are  termed  series.  These  are  named,  in  order  from  oldest  to  young- 
est, (1)  Canadian,  (2)  Chazyan  and  Mohawkian,  and  (3)  Cincinnatian. 
The  differentiation  of  these  is  based  on  the  same  sort  of  evidence  as  that, 
described  for  divisions  of  the  Cambrian,  The  Chazyan  rocks  represent 
initial  stages  of  the  great  mid-Ordovici&n  marine  transgression  th&t 
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culminated  in  Mobawkian  time,  and,  according  to  conclusions  of  a  num- 
ber of  investigators,  there  was  not  an  extensive  withdrawal  of  the  sea  at 
the  close  of  the  Chazyan  epoch. 

ORDOVICIAN  FORMATIONS  OF  NORTH  AMERICA 

Outcrops  of  Ordovician  rocks  are  extensive  in  the  eastern  part  of  the 
United  States  and  Canada,  including  the  Great  Valley  district  of  the 


FIG.  60. — Map  of  North  America  showing  (black)  outcrop  areas  of  the  Ordovician 
system  and  (oblique  shading)  the  inferred  area  of  original  distribution  of  Ordovician  forma- 
tions. (R.  T.  Chamberlin,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry  Holt  & 
Company.) 

Appalachian  Mountain  region,  the  country  around  the  Adirondacks  in 
northern  New  York,  southern  Ontario,  and  areas  centering  about  Cin- 
cinnati, Ohio,  and  Nashville,  Tenn.  In  the  central  states  there  are  large 
exposures  in  the  Ozark  region  of  Missouri  and  northern  Arkansas,  and  in 
Wisconsin,  northern  Illinois,  northeastern  Iowa,  and  southeastern  Minne- 
sota. Small  exposures  occur  in  the  southwest,  including  Oklahoma  and 
Texas,  and  in  several  of  the  western  state*.  Central  Canada  southwest 
of  Hudson  Bay  and  the  Arctic  Archipelago  and  parts  of  northern  Alaska 
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are  known  to  contain  Ordovician  rocks.     Lower  Ordovician  deposits  arc 
fairly  extensive  in  western  Canada. 

The  Appalachian  Region 

Northern  Appalachians. — The  mountainous  country  north  of  New 
York  City  in  western  New  England  and  eastern  Canada,  sometimes 
called  the  northern  Appalachians,  is  important  to  the  study  of  the  Ordo- 
vician rocks,  partly  because  of  interesting  features  that  are  shown  and 
partly  for  historical  reasons.  The  rocks  have  a  very  complex  structure, 
and  in  part  they  have  been  intensely  metamorphosed.  The  formations 
are  overturned  in  places  and  broken  by  great  thrust  faults.  Ebenezer 
Emmons,  a  geologist  of  the  first  New  York  Survey,  defined  here,  in  1837, 
what  he  called  the  Taconic  system,  named  from  the  Taconic  Mountains 
of  eastern  New  York  and  western  New  England.  Long  and  bitter  con- 
troversy concerning  the  age  and  true  relations  of  these  rocks  is  prominent 
in  the  early  annals  of  American  geology.  There  is  now  agreement  that 
part  of  these  rocks  is  Cambrian  and  part  Ordovician,  and  as  the  name 
serves  no  good  purpose  it  has  been  dropped. 

Farther  north  on  the  western  shores  of  Lake  Champlain  and  on  the 
east  side  of  the  Adirondack  Mountains  are  good  exposures  of  Lower 
and  Middle  Ordovician  limestones  that,  except  for  normal  faulting,  are 
little  disturbed.  The  sequence  of  beds  is  definitely  determinable  and 
some  of  the  formations  contain  fairly  abundant  fossils.  These  rocks  were 
named  Champlainian  by  the  early  New  York  geologists  (1842);  and 
because  of  priority  over  the  British  term  Ordovician  (1879),  Schuchert 
has  advocated  that  Champlainian  be  substituted  for  Ordovician.  How- 
ever, the  general  usage  that  the  latter  term  has  acquired,  and  the  fact 
that  only  a  part  of  the  rocks  generally  assigned  to  the  Ordovician  system 
are  present  in  the  Champlain  region,  are  reasons  for  using  the  European 
name.  The  lower  part  of  the  Ordovician  section  in  this  region  consists 
of  some  1,500  feet  of  massive  gray  limestone  (Beekmantown)  of  Canadian 
age.  This  is  followed  by  an  erosional  break  and  another  limestone 
(Chazy)  about  1,000  feet  thick  with  a  distinctly  different  assemblage  of 
fossils.  This  in  turn  is  overlaid  by  still  younger  deposits  consisting  of 
thin-bedded  dark  limestones  (Black  River-Trenton)  and  black  bitumi- 
nous shale  (Canajoharie)  which  represent  the  Mohawkian  epoch.  The 
formations  are  cut  off  on  the  east  by  a  great  thrust  fault  that  brings  highly 
metamorphosed  Cambrian  and  Ordovician  rocks  into  contact  with  them. 

The  Atlantic  Province  and  Logan's  Line. — In  eastern  New  York,  as 
near  Albany,  and  northeastward  from  Lake  Champlain,  as  near  Quebec, 
Ordovician  deposits  are  found  that  differ  radically  from  those  just 
described.  The  strata  (Deepkill,  Normanskill)  consist  mostly  of  fine, 
dark-colored  shale,  and  in  places  there  are  beds  of  greenish  sandstone 
and  coarse,  boulder-bearing  conglomerate.  Moreover,  the  fossils  are 
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very  unlike  those  of  the  limestones,  consisting  almost  altogether  of  the 
floating  marine  organisms  called  graptolites.  Because  a  large  number 
of  the  species  of  these  animals  occur  in  the  Ordovician  of  Europe  but 
not  in  the  widespread  limestones  and  shales  of  the  same  age  in  the  interior 
of  the  American  continent,  the  graptolite-bearing  deposits  are  regarded 
as  belonging  to  an  entirely  distinct  province,  termed  the  Atlantic  Province. 
In  western  New  England  and  in  eastern  Canada  along  the  St.  Lawrence 
River,  deposits  of  the  Atlantic  Province  have  been  carried  an  unknown 
but  considerable  distance  westward  by  great  thrust  faults,  so  that  in 
places  rocks  of  the  Atlantic  Province  rest  directly  on  those  of  the  west. 
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FIG.  61. — Section  of  Ordoviciun  and  associated  rocks  in  the  vicinity  of  Albany,  N.  Y. 
The  Ordovician  rocks  east  of  "Logan's  line"  fault  are  graptolite-bearing  black  shales 
(Deepkill,  Normanskill,  Snake  Hill)  of  the  Atlantic  province.  The  Ordovician  rocks  west 
of  the  fault  are  called  Black  River,  Trenton,  Canajoharie  and  Schenectady,  (Modified 
from  R.  Ruedemann,  New  York  State  Museum.) 

The  line  of  thrust  faults  is  generally  known  as  Logan's  line,  after  the  early 
Canadian  geologist  Sir  William  Logan  who  first  called  attention  to  its 
significance.  There  yet  remain  important  unsolved  problems  in  the 
Ordovician  of  this  region,  bearing  for  instance  on  the  actual  geographic 
conditions  of  this  time,  the  real  meaning  of  the  differences  in  sediments 
of  the  two  provinces,  and  of  the  character  and  distribution  of  the  fossils 
in  them. 

Central  and  Southern  Appalachians. — From  New  Jersey  and  Penn- 
sylvania southward  into  Alabama  there  are  nearly  continuous  exposures 
of  Ordovician  rocks.  They  consist  mostly  of  limestone  and  shale  that 
form  the  lowlands  of  the  Great  Appalachian  Valley,  bordered  on  the 
east  by  mountainous  ridges  of  Cambrian  and  pre-Cambrian  rocks,  and 
on  the  west  by  the  great  escarpment  of  the  Cumberland  Plateau.  Locally, 
as  in  eastern  Tennessee  and  southwestern  Virginia,  there  are  Ordovician 
sandstones  (Tellico,  Bald  Eagle)  that  make  mountains.  The  rocks  have 
been  highly  folded,  and  in  the  southern  part  of  the  mountains  they  have 
been  extensively  faulted  also.  The  outcrops  of  individual  formations 
are  therefore  elongate  narrow  bands. 

1.  Early  Ordovician  (Canadian)  deposits  consisting  of  massive  gray 
limestone  (Beekmantown)  extend  through  this  region  with  an  average 
thickness  of  about  2,000  feet,  but  in  central  Pennsylvania  they  attain  a 
thickness  of  more  than  3,000  feet.  A  disconformity,  indicating  with- 
drawal of  the  sea,  is  everywhere  present  at  the  top. 
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2.  Readvances  of  the  sea  are  shown  by  the  presence  of  numerous 
formations  belonging  to  the  Chazyan  series,  which,  however,  are  much 
thinner  and  less  uniform  from  place  to  place  than  the  earlier  deposits. 
There  are  outcrops  of  shale  (Athens,  Sevier),  sandstone  (Tellico),  and 
some  limestone  (Holston)  in  the  eastern  part  of  the  mountain  belt  which 
are  not  present  in  the  west,  and  there  are  formations  (Ottosee)  in  the  west 
which  are  absent  in  the  east.     There  is  also  variation  from  north  to  south. 
These  irregularities  denote  repeated  minor  advances  and  retreats  of  the 
seas. 

3.  The  Mohawk  inn  series  is  represented  by  widespread  uniform  lime- 
stones (Black  River)  at  the  base,  but  the  upper  part,  which  is  in  places 
very  thick,  consists  mainly  of  shale  (Martinsburg).     The  thickness  of 
this  shale  is  less  than  5,000  feet  in  most  places  but  in  the  north  it  increases 
to  10,000  feet,  and  a  measured  section  in  northeastern  Pennsylvania  is 
reported  (Behre)  to  have  a  thickness  of  15,745  feet.     In  the  last-named 
region  these  rocks  have  been  altered  by  folding  and  squeezing  to  a  slate 
which  is  very  extensively  worked   commercially.     Upper  Mohawkian 
limestone  (upper  Chickamauga)  is  well  developed  in  the  Alabama  por- 
tion of  the  southern  Appalachians. 

4.  The  Cincinnatian  series  is  partly  represented  in  the  Appalachian 
region   by   shale   and  sandy  sediments  (upper  Martinsburg,  Juniata) 
which    are    apparently    continuous    with    the    underlying    beds.     The 
Juniata  beds,  which  are  about  1,500  feet  thick  in  central  Pennsylvania, 
are  distinguished  by  a  strongly  reddish  color  and  by  absence  of  fossils. 
Many  of  the  sandy  layers  are  cross-laminated;  the  shale  beds  are  lumpy, 
nonfissile  mud  rocks.     The  formation  is  interpreted  as  a  piedmont  alluvial 
plains  deposit  that  was  built  outward  into  the  sea  on  the  western  border  of 
Appalachia.     The  age  of  the  formation  is  shown  by  lateral  gradation  into 
fossiliferous  marine  strata  (Richmond)  to  the  northwest. 

Troughs  and  Barriers  in  the  Appalachian  Geosyncline. — Some  of  the 
Ordovician  formations  are  widespread  in  the  Appalachian  region  and 
fairly  uniform  in  lithology  and  fossil  content.  These  certainly  represent 
seas  that  covered  practically  the  entire  geosyncline.  In  other  cases,  as 
noted  in  the  preceding  paragraph,  a  formation  or  group  of  formations  is 
present  in  one  region  but  at  a  little  distance  it  grows  thinner  and  shortly 
disappears.  Such  wedgelike  deposits  may  have  been  made  in  subordinate 
troughs  of  the  major  geosyncline  by  seas  that  did  not  cover  barriers 
separating  the  occupied  depressions.  As  a  result,  there  is  such  variation 
in  the  deposits  from  place  to  place  that  much  confusion  has  resulted  in 
geologic  study.  Only  by  thorough  knowledge  and  careful  study  of  the 
fossils  in  these  deposits  is  it  possible  to  recognize  those  that  belong  to  a 
given  stage  and  to  determine  the  relations  of  a  sequence  of  deposits  in 
one  place  to  that  in  another.  Much  of  the  credit  for  present  knowledge 
of  the  complex  details  of  Ordovician  stratigraphy  in  the  Appalachian 
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region  is  due  E.  0.  Ulrich  and  Charles  Butts  of  the  United  States  Geo- 
logical Survey. 

The  subordinate  troughs  and  barriers  of  the  Appalachian  geosyncline 
appear  to  have  been  fairly  constant  features  of  this  generally  subsiding 
region.  The  troughs  tended  to  sink  more  than  the  barriers,  and  it  is 
likely  that  the  synclinal  structure  of  the  troughs  and  gentle  anticlinal 
structure  of  the  barriers  served  to  mark  out  the  location  of  major  folds 
and  faults  in  the  Appalachian  area  when  it  was  later  subjected  to  great 
compressive  stresses.  It  is  noteworthy  that  the  elongate  synclines  of 
the  present  mountain  belt  correspond  in  large  part  to  the  subordinate 
troughs  of  Paleozoic  time,  and  this  is  shown  by  the  differing  characters 
of  the  rock  formations  that  are  found  in  them. 

Several  formations  in  the  Ordovician  of  the  Appalachian  region  are 
extensive  from  north  to  south,  parallel  to  the  axis  of  the  geosyncline,  but 
they  are  restricted  to  its  easternmost  part.  These  formations  contain 
fossils  that  are  almost  wholly  unrelated  to  those  of  Ordovician  beds 
farther  west,  in  central  Tennessee,  Kentucky,  and  the  Mississippi  Valley. 
Also,  the  Ordovician  fossils  in  the  latter  regions  are  almost  wholly  dis- 
tinct from  those  of  the  eastern  Appalachian  belt.  The  seas  in  which 
the  eastern  formations  were  deposited  appear  to  have  been  separated 
from  those  to  the  west  by  a  barrier,  probably  of  unsubmerged  land;  or, 
according  to  Ulrich,  the  eastern  and  western  formations  are  not  precisely 
contemporaneous,  seas  of  different  origin  alternately  invading  the  eastern 
and  western  parts  of  the  geosyncline  as  a  result  of  unequal,  oscillating 
subsidence  and  tilting.  At  any  rate,  there  is  a  very  striking  difference  in 
the  lithologic  character  and  the  faunas  of  the  eastern  and  western  belts. 
Many  of  the  fossils  in  the  eastern  formations  show  marked  similarity  or 
identity  with  European  fossils  of  the  Atlantic  Province.  Consequently 
it  is  inferred  that  seas  of  Atlantic  origin,  with  marine  life  differing  some- 
what from  that  of  the  interior  continental  seas,  invaded  the  eastern 
part  of  the  Appalachian  geosyncline  from  time  to  time  during  the  Ordo- 
vician period.  At  certain  times  and  places  the  waters  of  different  basins 
came  together  and  consequently  there  was  to  some  extent  a  mingling  of 
the  life  in  each. 

It  should  be  noted  here  that  dissent  from  the  inferred  existence  of 
subordinate  troughs  and  barriers  in  the  Appalachian  geosyncline  is  voiced 
iu  some  quarters.  The  axes  of  supposed  barriers  should  be  marked  by 
absence  of  formations  that  occur  in  the  adjacent  troughs,  for  seas  that 
made  deposits  in  a  trough  are  presumed  not  to  have  submerged  the  barrier. 
The  general  absence  of  linear  belts  that  show  such  gaps  (disconformities) 
in  the  stratigraphic  succession  is  urged  as  evidence  against  the  postulated 
barriers.  It  may  be  explained,  however,  that  the  position  of  the  axes  on 
anticlinal  folds  that  are  strongly  accentuated  or  broken  by  thrust  faults 
during  mountain  folding  results  in  obliteration  of  most  of  the  barrier 
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FIG.  62. — Typical  sections  of  the  Ordovioian  system  in  selectoil  regions- 


146  *rliE  PALEOZOIC 


belts  by  erosion.  Only  the  troughs,  pressed  closely  together,  remain. 
Protection  from  erosion  is  due  to  their  synclinal  structure.  It  is  true  that 
differences  in  the  nature  of  sediment  on  the  sea  bottom  are  reflected  in 
the  character  of  invertebrate  faunas,  and  also  that  one  type  of  sedimenta- 
tion (facies)  may  grade  laterally  into  another.  This  hardly  explains, 
however,  the  sharp  distinctions  in  the  lithology  and  faunas  of  the  rocks  in 
parallel  troughs,  and  especially  the  remarkable  persistence  of  distinctions 
that  are  coincident  with  the  trough  structures.  It  is  noteworthy  that 
the  features  here  discussed  are  not  restricted  to  a  certain  portion  of  the 
geosyncline  but  characterize  it  throughout  its  length.  An  east-  west 
cross-section  of  Ordovician  deposits  in  the  northern  Appalachians  dupli- 
cates relations  that  are  seen  in  a  cross-section  of  the  southern 
Appalachians,  or  of  the  Ouachita  geosyncline  (which  is  believed  to  be  a 
continuation  of  the  Appalachian  geosyncline)  in  Arkansas  and  Oklahoma, 
or  of  the  farther  prolongation  of  the  trough  in  southwest  Texas. 

The  Continental  Interior 

Under  this  heading  may  be  conveniently  grouped  the  Ordovician  for- 
mations of  western  New  York,  Ontario,  the  Cincinnati,  Nashville  and 
Ozark  domes,  and  the  upper  Mississippi  Valley.  We  may  also  include 
the  small  outcrops  in  the  southwest  and  those  partly  covering  the  Cana- 
dian Shield  in  the  north. 

New  York  and  Ontario.  —  Ordovician  strata  dip  gently  away  from  the 
Adirondack  region  and  southward  from  the  pre-Cambrian  area  of  the 
Canadian  Shield.  Formations  belonging  to  each  of  the  Ordovician  series 
are  present  but  there  are  several  gaps,  indicating  that  the  seas  were  absent 
at  intervals  and  then  returned  to  this  region  for  a  time.  A  gradual 
thinning  and  disappearance  westward  and  northward  of  deposits  belong- 
ing to  the  Canadian  series,  with  overlap  of  younger  formations,  show  a 
gradual  advance  of  the  sea  in  these  directions  during  Early  Ordovician 
time  and  mark  the  approximate  limit  of  the  invasions.  The  Canadian 
beds  (Beekmantown)  overlap  the  Cambrian  in  places  and  lie  directly 
on  pre-Cambrian  rocks.  The  Chazyan  series  is  partly  represented  in 
west  central  New  York  by  a  thin  limestone  (Pamelia)  that  marks  the 
northeastward  margin  of  deposits  (Stones  River)  that  are  widespread  to 
the  south.  A  well-defined  discbnformity  occurs  below  and  above  this 
formation. 

Mohawkian  limestone  and  shale  deposits  are  extensive.  In  parts  of 
this  region  they  lie  upon  Canadian  beds  (Chazyan  absent),  and  elsewhere 
they  extend  beyond  the  border  of  the  Canadian,  resting  on  pre-Cambrian. 
These  relations  show  that  the  margin  of  the  sea  shifted  both  toward 
the  land  and  away  from  it  during  Early  Ordovician  time,  and  in  the 
Mohawkian  epoch  the  sea  advanced  farther  on  the  Canadian  Shield 
than  at  any  previous  time  in  the  Paleozoic  era.  The  latter  conclusion 
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is  based  on  the  assumption  thai,  the  present  margins  of  Canadian  and 
Chazyan  beds  are  not  far  from  their  original  limits.  If  pre-Mohawkian 
erosion  removed  a  considerable  part  of  the  earlier  Ordovician  rocks,  it  is 
evident  that  Mohawkian  strata  might  be  found  unconformably  on 
Cambrian  or  pre-Cambrian  rocks  in  places  where  Early  Ordovician 
deposits  were  once  present.  Fossiliferous  shale  with  sandy  beds  com- 
prises the  youngest  Ordovician  (Cincinnatian)  in  the  region.  The 
Middle  and  Upper  Ordovician  section  of  eastern  New  York  consists 
mainly  of  dark  shales  (Canajoharie,  Schenectady),  but  that  of  areas 
farther  west  in  the  state  is  made  up  largely  of  limestone  (Trenton)  in  the 
lower  part  and  of  sandy  and  shaly  beds  (Schenectady,  Utica,  Lorraine) 
at  the  top.  While  sand  and  mud  were  being  deposited  near  the  borders 
of  Appalachia,  limestone  was  being  formed  in  the  clear,  but  not  neces- 
sarily deep,  waters  at  a  distance  from  the  land.  The  mud  phase  begins 
at  successively  higher  levels  in  the  sections  from  east  to  west,  indicating 
a  gradual  encroachment  of  land  conditions  westward  (Fig.  63). 

Cincinnati  and  Nashville  Domes. — Near  Cincinnati,  Ordovician 
limestones  and  shales  form  the  famous  Blue  Grass  country  of  Kentucky, 
southeastern  Indiana,  and  southwestern  Ohio.  Around  Nashville  the 
Ordovician  crops  out  in  a  roughly  circular  lowland  area  which  is  sur- 
rounded by  an  upland  composed  of  younger  Paleozoic  rocks.  In  both 
districts  the  rocks  dip  gently  outward  in  all  directions,  making  broad 
dome-shaped  structures.  In  each  case  the  oldest  exposed  formations  are 
fossiliferous  limestones  belonging  to  th^  Chazyan  series.  These  are 
overlaid  by  Mohawkian  limestone  deposits  and  alt  the  top,  especially 
in  the  Cincinnati  region,  is  a  series  of  wonderfully  fossiliferous  shale  and 
shaly  limestone  beds  that  constitute  the  typical  Cincinnatian.  The 
profusion  and  perfection  of  preservation  of  the  fossils  in  these  Upper 
Ordovician  marine  deposits  in  the  vicinity  of  Cincinnati,  Richmond, 
Indiana,  and  other  parts  of  this  area  has  aroused  the  interest  of  many 
persons  in  the  making  of  collections  and  in  studying  the  remains  of 
organisms  entombed  in  these  rocks.  From  the  Cincinnati  district  have 
come  some  of  the  leading  paleontologists  of  the  country.  The  highly 
fossiliferous  Cincinnatian  deposits  grade  eastward  and  northeastward 
into  continental  sediments,  the  exact  age  of  which  was  in  doubt  until  the 
lateral  transition  into  fossil-bearing  marine  beds  was  discovered. 

A  feature  of  some  interest  in  the  geological  history  of  this  region 
relates  to  the  time  of  origin  of  the  dome-shaped  structures.  The  areas 
of  Ordovician  outcrop  are  surrounded  by  successive  bands  of  Silurian, 
Devonian,  Mississippian,  and  Pennsylvanian  rocks.  This  arrangement 
indicates  the  possibility,  or  probability,  that  the  gentle  upwarping  which 
produced  the  domes  occurred  at  least  some  time  after  the  time  of  forma- 
tion of  the  youngest  rocks  that  are  involved  in  the  deformation.  This 
is  no  doubt  true  in  part,  but  detailed  study  of  the  upper  Ordovician 
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formations  shows  that  the  Cincinnati  and  Nashville  areas  tended  to 
stand  somewhat  above  the  surrounding  territory  even  in  Ordovician 
times,  for  the  upper  parts  of  the  domes  show  a  thinner  and  less  complete 
record  of  Ordovician  deposits  than  those  on  the  flanks.  In  other  words, 
the  domes  show  evidence  of  a  slight  but  definite  tendency  toward  upwarp- 
ing  that  began  as  far  back  as  Ordovician  time,  and  this  upward  move- 
ment was  recurrent  and  accentuated  in  later  geologic  epochs,  especially 
at  the  close  of  Silurian  time  and  late  in  the  Paleozoic  era. 

Upper  Mississippi  Valley. — High,  picturesque  bluffs  along  the 
Mississippi  River  from  Minneapolis  to 
Dubuque  and  adjacent  rugged  country 
in  Minnesota,  Iowa,  Illinois,  and  Wis- 
consin are  built  largely  of  Ordovician 
rocks.  The  most  prominent  formations 
are  thick,  massively  bedded  gray  dolo- 
mites that  weather  yellowish-brown. 
There  are  two  groups  of  these  dolo- 
mites, one  of  Canadian  and  Ozarkian 
age  (Prairie  du  Chien)  and  a  higher  om 
of  Mohawkian  age. 

Between  the  dolomite  formations  is 
the  very  persistent  and  interesting  St. 
Peter  sandstone.  Most  parts  of  this  for- 
mation are  remarkably  pure,  consisting 
only  of  quartz  sand  grains  that  are  well 
rounded  and  in  some  cases  frosted  by 
abrasion  and  prolonged  wear  of  one  grain 
on  another.  The  removal  of  everything  Fl(i>  ^.—Exposure  of  st.  Peter 
but  the  resistant  quartz  grains,  and  the  sandstone  near  La  Saiie,  111.  The 

.  ,.     ,  e     ii  -          beds  here  dip  rut  her  steeply  westward. 

evidence  of    long    wear    of    the    grains    (#4  c>  j/oore.) 
has   been  interpreted   as  the  result  of 

wind  work.  It  is  certainly  true  that  after  the  Early  ( )rdovician  dolomites 
were  deposited,  the  seas  uncovered  most  of  the  Continental  Interior,  for 
Chazyan  deposits,  except  the  St.  Peter,  are  mostly  lucking.  During  this 
time  of  emergence  it  might  well  be  that  sands  derived  from  the  Cambrian 
and  pre-Cambrian  country  to  the  north  were  swept  by  wind  and  possibly 
by  streams  over  territory  previously  occupied  by  the  Early  Ordovician 
seas.  But  the  St.  Peter  sandstone  is  mostly  very  evenly  bedded  hori- 
zontally and  does  not  show  the  irregularly  intricate  cross-bedded  pattern 
that  is  characteristic  of  known  wind-laid  sandy  deposits;  also,  in  places 
there  are  poorly  preserved  impressions  of  marine  shells.  Thus  we  may 
conclude  that,  if  this  sand  deposit  was  partly  ma<le  and  distributed  by 
wind  work,  it  was  reworked  and  spread  out  evenly  by  (he  sea.  Further 
evidence  that  the  St.  Peter  sandstone  is  a  marine  deposit  is  found  in  the 
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gradation  or  interfingering  of  the  sandstone  into  dolomitic  limestones  in 
the  Ozark  region. 

After  deposition  of  the  upper  dolomite  beds,  and  also  some  limestone 
and  thin,  very  fossiliferous  shale,  the  sea  withdrew  for  a  time,  as  indicated 
by  the  very  widespread  disconformity  at  the  base  of  the  Cincinnatian 
(Richmond)  deposits.  These  latter  beds  (Maquoketa)  are  mostly  thin, 
that  is,  100  feet  or  less  in  thickness,  and  they  are  less  fossiliferous,  on  the 
whole,  than  in  the  Cincinnati  district.  They  consist  mainly  of  dark 
shale.  Locally,  there  is  some  sandstone,  and  in  places  a  few  feet  of 
limestone  occurs. 

Ozark  Region  and  Southwest. — The  sequence  and  general  character 
of  the  OrdoVician  formations  of  the  Ozark  dome  in  Missouri  and  northern 
Arkansas  are  essentially  similar  to  those  just  described  in  the  upper 
Mississippi  Valley,  but  there  are  minor  variations.  One  feature  of 
interest  is  the  occurrence  of  limestone  and  one  or  more  additional  sand- 
stones resembling  the  St.  Peter  in  the  southern  part  of  the  area,  all 
belonging  to  the  general  epoch  of  St.  Peter  deposition.  It  appears, 
indeed,  that  sandstone  of  St.  Peter  type  in  Missouri  and  northern  Arkansas 
is  older  than  any  of  the  St.  Peter  sandstone  in  the  north.  It  was  deposited 
before  the  sea  advanced  to  the  more  northerly  part  of  the  Mississippi 
Valley.  Also  beds  of  limestone  (Joachim)  in  Missouri  are  contemporane- 
ous with  St.  Peter  sandstone  in  the  north.  These  relations  show  that  the 
similar-looking  sand  deposits  of  different  places  are  not  all  of  exactly  the 
same  age,  and  that  sand  of  the  border  portion  of  the  St.  Peter  sea  may  be 
equivalent  in  age  to  limestone  deposited  at  a  distance  from  the  sea 
margin. 

In  the  Ozarks,  as  in  the  Cincinnati  dome,  there  is  evidence  of  dif- 
ferential upwarping  of  the  dome  that  dates  far  back  in  geologic  time. 
Upward  movement  was  apparently  inaugurated  in  the  Cambrian  period 
and  there  were  recurrent  elevations  during  Ordovician  time  and  later. 

The  Ordovician  formations  dip  gently  away  from  the  Ozark  uplift 
and  disappear  beneath  younger  rocks.  Many  deep  wells  in  Kansas, 
Oklahoma,  and  Texas  have  encountered  Ordovician  strata,  parts  of  which 
have  yielded  huge  quantities  of  oil.  The  formations  come  to  the  surface 
in  the  Arbuckle  Mountains  and  on  the  flanks  of  the  Wichita  Mountains 
in  southern  Oklahoma.  The  thickness  of  Ordovician  rocks  in  the 
Arbuckle  Mountains  is  almost  10,000  feet.  Above  very  thick  Early 
Ordovician  limestone  (Arbuckle)  there  is  about  2,000  feet  of  Chazyan 
sandstone,  shale,  and  limestone  (Simpson),  the  sandstone  beds  resembling 
the  St.  Peter  in  texture  and  appearance.  Variation  in  the  nature  and 
distribution  of  the  formations  shows  the  unstable,  oscillatory  nature  of 
the  seas  of  this  epoch.  These  are  the  chief  oil-producing  rocks  in  the 
Ordovician  of  the  southwest.  The'Mohawkian  and  Cincinnatian  epochs 
are  represented  mostly  by  fossiliferous  limestone  (Viola)  that  is  much 
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thinner  than  the  underlying  parts  of  the 
Ordovician.  Thick  Canadian  limestone 
occurs  in  the  Llano  region  of  central  Texas 
and  near  El  Paso  in  west  Texas. 

The  Ouachita  Mountains  of  Arkansas 
and  Oklahoma,  and  Marathon  area  of  west 
Texas  contain  slaty  shale  with  fossils  (espe- 
cially graptolites)  that  correspond  to  those 
of  the  eastern  Appalachian  belt  which  belongs 
to  the  Atlantic  Province.  These  beds  are 
very  different  in  lithology  and  fossils  from  the 
limestones  and  other  Ordovician  deposits 
of  adjacent  areas  toward  the  Continent 
Interior. 

An  interesting  observation  concerning  the 
late  Cincinnatian  (Fernvale)  beds,  which 
applies  also  to  other  stratigraphic  units  in 
the  Continental  Interior  region,  is  the  lack 
of  any  very  obvious  physical  evidence  of 
interruption  of  sedimentation  below  or 
above  these  deposits.  The  Cincinnatian 
beds  appear  perfectly  parallel  to  strata  above 
and  below,  the  contacts  are  very  even,  and 
except  for  slight  differences  in  lithology, 
which  might  have  no  significance  at  all,  one 
would  not  guess  that  the  contiguous  forma- 
tions differ  considerably  in  age,  represent- 
ing in  some  cases  advances  of  entirely 
different  seas  in  different  geologic  periods. 
Here  it  is  that  the  fossils  furnish  decisive 
testimony,  and  without  them  it  would  be 
impossible  to  determine  even  the  main 
features  of  geologic  history.  It  also  follows 
from  these  observations  that  during  many 
of  the  emergent  stages  in  Paleozoic  time 
elevation  of  the  rocks  was  so  slight  that  there 
was  practically  no  erosion  of  previously 
formed  deposits. 

Central  and  Northern  Canada. — Fairly 
extensive  deposits  of  practically  undisturbed 
Ordovician  limestones  occur  southwest  of 
Hudson  Bay  in  central  Canada  and  in  the 
Arctic  Archipelago  of  the  far  north.  The 
deposits  are  only  a  few  hundred  feet  thick. 
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FIG.  65. — Typical  sections 
of  the  Ordovician  system  in  the 
Mississippi  Valley  region. 


By  means  of  fossils  they  are 
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identified  us  belonging  {<>  (he  Mohawkian  series,  and  they  furnish  part  of 
the  evidence  of  the  great  marine  transgression  that  occurred  in  Medial 
Ordovician  time.  This  part  of  the  Canadian  Shield  had  been  land  since 
before  Cambrian  time,  and  therefore  the  Ordovician  here  rests  directly  on 
pre-Cambrian  rocks. 

The  Cordilleran  Region 

Thick  Ordovician  deposits  are  found  in  parts  of  the  Cordilleran 
geosyncline  and  bordering  territory  in  the  western  Cordillera.  In 
Nevada  and  Utah,  3,000  to  5,000  feet  of  Ordovician,  consisting  largely 
of  limestone  that  belongs  to  the  early  part  of  the  system,  has  been 
measured.  The  thickness  of  Ordovician  beds  is  likewise  some  thousands 
of  feet  in  the  country  farther  north,  as  in  the  Canadian  Rockies,  where 
the  beds  follow  the  Cambrian  in  a  parallel  position  with  very  little 
evidence  of  a  break  in  sedimentation. 

ORDOVICIAN  DEPOSITS  OF  OTHER  CONTINENTS 

Wide  distribution  of  Ordovieian  seas  in  Europe  is  Attested  by  deposits  in  the  north- 
ern and  southern  part  of  the  continent,  the  former  especially  showing  many  close 
relationships  in  the  fossils  which  they  contain  to  the  rocks  in  North  America. 
Indeed,  at  certain  times  in  the  peridd  there  must  have  been  a  shallow-water  passage- 
way from  the  Baltic  region  of  Europe,  probably  by  way  of  the  Arctic,  to  the  central 
United  States.  Ordovician  strata  are  especially  known  in  the  British  Isles,  Scandi- 
navia, and  central  Russia.  In  Wales  and  western  England  the  Ordovician  rocks  were 
subjected  to  folding  and  considerable  erosion  before  deposition  of  the  Silurian  beds, 
the  boundary  between  the  two  systems  being,  therefore,  distinct.  There  was  much 
igneous  activity  during  Ordovician  time  in  Great  Britain,  for  there  are  many  lava 
flows  and  beds  of  volcanic  tuff.  In  central  and  southern  Europe,  Ordovician  forma- 
tions are  well-known  in  Bohemia  and  parts  of  France,  Germany,  Spain,  and  Sardinia. 

Asia  contains  Ordovician  rocks  chiefly  in  Siberia,  China,  and  Burma.  Ordovician 
rocks  in  eastern  Australia  and  New  Zealand  yield  many  fossils  of  the  floating  organisms 
called  graptolites,  which  are  identical  in  kind  with  similar  fossils  in  the  United  States. 
These  rocks  were  profoundly  folded  and  faulted  at  the  end  of  Ordovician  times. 
Ordovician  rocks  occur  in  various  parts  of  South  America  but  have  not  been  recognized 
definitely  in  Africa. 

PHYSICAL  HISTORY  OF  ORDOVICIAN  TIME 

Putting  together  observations  of  the  nature  and  distribution  of  the 
Ordovician  formations  in  different  parts  of  North  America,  and  giving 
attention  especially  to  information  obtained  from  study  of  the  abundant 
and  varied  fossils  in  the  Ordovician  rocks,  we  may  construct  an  account 
of  the  chief  events  and  changing  conditions  in  Ordovician  time.  One  of 
our  chief  difficulties  in  doing  this  is  the  very  abundance  of  factual  data 
and  the  multitudinous  variation  of  conditions  in  time  and  place.  We 
can  set  down  only  a  few  generalizations. 

Canadian  Epoch. — After  the  general  emergence  and  local  crust  al 
movements  which  closed  Cambrian  time,  the  sea  again  transgressed  a 
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large  part  of  the  land,  not  only  occupying  most  of  the  Appalachian  and 
Cordilleran  troughs  but  expanding  broadly  over  the  Continental  Interior. 
Locally,  as  in  New  York  and  Ontario,  this  Early  Ordovician  sea  extended 
beyond  areas  that  had  been  covered  by  Cambrian  sediments,  but  else- 
where the  deposits  of  this  age  were  laid  down  upon  the  Cambrian,  mostly 
on  Upper  Cambrian  but  locally  on  Middle  or  Lower  Cambrian.  Land 
areas  were  low  and  featureless,  for  the  marine  sediments  consist  almost 
exclusively  of  calcium  carbonate  which  was  carried  from  the  lands  in 
solution  by  the  waters  of  sluggish  streams.  Long  continuation  of  uniform 
conditions  in  the  Canadian  epoch  is  shown  by  the  considerable  thickness, 
massive  bedding,  and  widely  similar  constitution  of  the  deposits. 

Chazyan  Epoch. — A  very  widespread  retreat  of  the  sea  following 
Canadian  sedimentation  is  shown  by  an  extensive  disconformity  at  the 
base  of  the  Chazyan  rpcks,  by  the  physical  character  of  the  St.  Peter 
sandstone  and  related  sediments  in  the  Continental  Interior,  and  by  a 
marked  change  in  the  character  of  the  fossils  found  in  the  younger  rocks. 
The  Chazyan  seas  were  mostly  clear,  forming  limestone,  but  they  were 
unstable  in  distribution,  slowly  advancing  and  retreating  so  that  deposits 
belonging  to  one  part  of  the  epoch  are  present  in  one  place  and  absent  in 
another.  Also,  there  is  clear  evidence  that  seas  of  different  origin,  from 
the  north  or  west,  or  from  the  south  or  east,  advanced  alternately  or  in 
some  cases  simultaneously  over  parts  of  the  continent.  This  is  shown 
by  the  distribution  of  formations  and  the  similar  or  dissimilar  character 
of  their  fossils.  Greatest  complications  of  the  historical  record  are  seen 
in  parts  of  the  Appalachian  district,  for  interwedging  deposits  of  different 
seas  that  invaded  this  region  during  the  epoch  point  to  continuous  local 
oscillation  of  the  waters. 

The  Mississippi  Valley  region  mostly  lacks  Chazyan  deposits  except 
the  widespread  St.  Peter  sandstone,  the  formation  of  which  has  already 
been  discussed.  The  St.  Peter  and  associated  rocks  are  placed  by  some 
in  an  intermediate  series  between  the  Canadian  and  Chazyan.  Under 
this  classification,  Chazyan  sediments  are  altogether  lacking  in  this 
region.  The  Chazyan  is  represented,  however,  in  southern  Oklahoma 
(Simpson  beds). 

Mohawkian  Epoch. — The  greatest  marine  inundation  of  North 
America  in  the  Ordovician  period  occurred  in  Mohawkian  time.  That 
the  sea  covered  quickly  an  enormous  territory  is  shown  by  the  remarkable 
geographic  extent  of  the  basal  Mohawkian  beds  (Black  River).  As  far 
as  can  be  determined,  the  Mohawkian  seas  extended  uninterruptedly 
from  Texas  to  the  Arctic  and  covered  almost  all  of  the  Eastern  Interior 
of  the  continent,  and  also  the  Appalachian  and  Cordilleran  geosynclines. 
It  does  not  follow  that  the  sea  of  Mohawkian  time  was  as  extensive 
during  all  of  the  epoch  as  the  area  covered  by  some  part  of  the  Mohawkian 
series,  for  some  of  these  deposits  are  very  much  older  than  others  and  the 
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outlines  of  the  sea  were  certainly  not  constant.  Nor  is  there  evidence 
that  the  Mohawkian  sea  ever  attained  at  one  time  the  areal  extent  of  the 
series  as  a  whole.  It  is  true  that  the  marine  invasion  of  the  continent 
during  this  epoch  was  one  of  the  greatest  of  recorded  geologic  history, 
but  the  sea  occupied  somewhat  different  areas  in  the  general  region  of 
submergence  in  the  early,  medial,  and  later  parts  of  the  epoch. 

An  uplift  of  Appalachia  in  Mohawkian  time  began  to  spread  a  vast 
quantity  of  mud  and  sand  into  the  shallow  seas  of  the  Appalachian  trough, 
and  as  the  thickness  of  sediments  increased  there  was  gradual  subsidence, 
just  as  had  occurred  before  in  this  region. 


FIG.  66. — Outcrop  of  Cincinnatian  beds  (Fairmount)  west  of  Cincinnati,  Ohio.     (R.  5. 
Bossier,  U.  *S.  National  Museum.) 

Cincinnatian  Epoch. — The  history  of  earlier  Cincinnatian  time  is 
recorded  by  deposits  that  are  essentially  restricted  to  the  Cincinnati 
region  and  parts  of  the  Appalachian  trough  and  New  York.  Deposits 
of  this  age  appear  to  be  present  locally  south  and  southwest  of  the 
Ozarks  also.  The  sea  which  covered  this  region  shows  evidences  of  hav- 
ing a  southern  rather  than  a  northern  origin.  In  the  Cincinnati  region 
the  waters  were  moderately  clear  and  shallow,  and  they  literally  teemed 
with  life.  In  the  Appalachian  region,  however,  silt,  sand,  and  gravel 
were  carried  by  streams  from  Appalachia  to  the  geosynelinal  subsiding 
area.  The  increasing  coarseness  of  the  sediments  implies  an  upward 
movement  of  the  borderland  which  foreshadowed  the  greater  disturbances 
in  this  district  at  the  close  of  the  period. 

Later  Cincinnatian  time  is  represented  by  very  widespread  deposits 
(Richmond  and  equivalents)  which  denote  a  great  but  comparatively 
short-lived  inundation  of  the  continent.  Many  of  the  fossils  of  this 
age  are  similar  to  species  that  invaded  from  the  north  in  early  Mohawkian 
time.  They  appear  to  be  the  modified  descendants  of  this  Medial 
Ordovician  Arctic  fauna,  It  is  noteworthy  that  late  Cincinmxtian  strata 
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are  found  in  the  far  northern  parts  cff  North  America  and  that  rocks  of 
this  age,  carrying  a  very  closely  similar  fauna,  occur  in  the  Baltic  region 
of  Europe.  Many  of  the  American  and  European  Late  Ordovician  species 
of  fossils  are  identical,  indeed — a  fact  that  can  be  explained  only  on  the 
basis  of  a  shallow-water  connection  between  the  two  continents  that 
permitted  intermigration  of  shallow- water. organisms.  It  appears,  then, 
that  the  intercontinental  connection  was  in  the  north  and  that  the  sea 
spread  southward  from  the  Arctic.  The  waters  covered  most  of  the 
Continental  Interior  region,  advanced  eastward  to  the  borders  of  Appa- 
lachia,  and  spread  westward  into  the  Cordilleran  trough. 

New  York  and  the  Appalachian  region  extending  southward  to 
Alabama  was  apparently  land  in  Late  Ordovician  time.  A  wide  alluvial 
plain  composed  of  fine  sediments  carried  westward  from  Appalachia  was 
built  here.  Much  of  the  alluvial  deposit  (Juniata,  Queenston)  is  reddish 
in  color,  owing  to  oxidation  of  iron  in  the  weathered  rock  from  which  the 
sediments  were  derived  or  to  oxidation  during  transportation  and  deposi- 
tion. The  formations  of  nonmarine  origin  are  unfossiliferous,  but  on  the 
side  toward  the  sea  they  interfinger  with  fossiliferous  marine  strata.  This 
inter  fingering  alternation  of  deposits  marks  the  fluctuations  of  the  sea 
border,  which  periodically  advanced  over  parts  of  the  plain  *and  then 
receded  as  the  land  was  built  outward. 

Vulcanism. — The  Middle  Ordovician  strata  of  several  of  the  eastern 
states  contain  orie  or  more  beds  of  a  peculiar  clayey  substance  called 
metabentonitej  formed  by  decomposition  of  a  volcanic  ash.  The  thickness 
of  the  beds  ranges  from  a  few  inches  to  about  7  feet,  but  the  area  over 
which  they  have  been  found  is  so  large  that  the  aggregate  volume  is  very 
considerable.  The  metabentonite  beds  are  a  valuable  aid  in  precise 
correlation  of  the  formations  containing  them.  The  reason  for  this  lies 
in  the  exact  contemporaneity  of  the  different  parts  of  a  volcanic  ash  fall, 
and  in  proportion  as  the  ash  bed  is  widely  spread  the  time  relations  of  asso- 
ciated strata  in  distant  exposures  may  be  determined  with  definiteness. 

Basaltic  lava  of  Ordovician  age  has  been  discovered  recently  in  eastern 
Pennsylvania.  On  the  whole,  however,  the  Ordovician  period  is  dis- 
tinguished as  a  time  of  quiet,  with  crustal  movement  and  igneous  activity 
distinctly  a  minor  feature. 

Climate. — Inferences  concerning  the  climate  of  Ordovician  times  are 
based  on  observations  of  physical  characteristics  of  the  formations  and  on 
the  nature  and  distribution  of  fossil  life.  Wide  seas  and  low  lands,  such 
as  appear  to  have  prevailed  in  Ordovician  time,  suggest  humid  but  prob- 
ably n6t  very  rainy  conditions.  The  most  important  temperature- 
regulating  factors  in  the  atmosphere  are  water  vapor  and  suspended  dust 
particles.  Increase  of  atmospheric  water  vapor  has  a  blanketing  effect 
which  retards  earth  radiation  and  increases  the  temperature,  while  a 
decrease  of  this  constituent  and  the  presence  of  much  dust  (as  from 
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explosive  volcanic  eruptions)  wort  in  the  opposite  direction.  Greatly 
expanded  seas  and  diminished  lands  favor  increased  evaporation,  while 
low  relief  of  the  lands  tends  to  inhibit  removal  of  the  atmospheric  moisture 
in  the  form  of  rain.  The  geographic  conditions  existent  in  Ordovician 
times  should  have  produced  a  warm,  equable  climate. 

Similarity  of  the  character  of  marine  life  in  the  shallow  seas  of  the 
continent  in  Ordovician  times  shows  no  zonal  or  other  distinguishable 
temperature  variation.  The  fact  that  warm-water-loving  organisms, 
such  as  the  corals,  are  about  as  common  in  the  Ordovician  of  Arctic 
regions  as  in  the  central  Mississippi  Valley  implies  moderately  warm, 
uniform  conditions,  but  climatic  inferences  based  on  this  kind  of  evidence 
are  unreliable. 

Close  of  the  Period. — The  close  of  Ordovician  time  is  marked  by  a 
very  general  withdrawal  of  the  sea  and  emergence  of  the  land.  Beneath 
the  next  younger  deposits,  belonging  to  the  basal  Silurian,  there  is 
almost  everywhere  a  well-defined  hiatus  representing  lack  of  deposition 
and  locally  considerable  erosion  of  Ordovician  rocks.  The  northern  part 
of  the  Appalachian  trough,  in  Pennsylvania  and  New  York,  was  subjected 
to  mountain-making  crustal  movements  near  the  close  of  Ordovician 
time,  for  the  Ordovician  formations  were  folded  and  metamorphosed  and 
they  were  greatly  eroded  before  deposition  of  the  Silurian  in  this  region. 
Basal  Silurian  conglomerates  here  rest  on  the  beveled  edges  of  the  older 
rocks  and  contain  pebbles  of  slate  and  hard  fine  standstone  derived  from 
the  Ordovician  formations.  This  local  mountain-making  movement  has 
been  termed  the  Taconic  disturbance.  The  great  interior  part  of  the 
continent  was  not  deformed,  nor  could  it  have  been  elevated  very  much 
above  sea  level,  for  the  older  formations  underwent  very  little  erosion 
and  the  Silurian  deposits  are  parallel  to  those  of  the  Ordovician. 

ECONOMIC  RESOURCES 

Ordovician  rocks  are  very  important  to  man,  for  in  the  United  States  alone  many 
millions  of  dollars  come  from  them  annually.  The  total  production  of  new  wealth 
from  Ordovician  materials  is  probably  measured  in  billions  of  dollars.  The  applica- 
tion of  geologic  science  to  the  development  of  mineral  resources  belongs  to  economic 
geology,  but  there  is  a  historical  aspect  of  the  subject  which  properly  may  be  con- 
sidered briefly  here. 

Petroleum  and  Natural  Gas. — The  most  important  of  the  economic  products  from 
Ordovician  rocks  are  petroleum  and  natural  gas.  The  chief  regions  where  they  have 
been  secured  are  on  the  northern  flank  of  the  Cincinnati  arch  in  eastern  Indiana  and 
northwestern  Ohio,  and  in  the  Mid-Continent  oil  fields  of  Oklahoma  and  Kansas. 
In  the  Ohio-Indiana  region  production  of  oil  and  gas  comes  from  the  Trenton  limestone 
of  Mohawkian  age,  which  on  the  average  occurs  about  1,000  feet  below  the  surface  in 
this  region.  Production  began  in  1885,  and  maximum  development  of  oil  in  the 
Ohio  fields  was  attained  in  1896  with  more  than  23,000,000  barrels  for  that  year. 
The  maximum  in  Indiana  was  11,300,000  barreln  in  1904.  Several  of  the  great  fields 
of  the  Mid-Continent  region  produce  from  Ordovician  rocks,  the  greatest  being  the 
Seminole  and  Oklahoma  City  fields  of  Oklahoma,  The  Seminole  district  had  a  daily 
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production  of  562,000  barrels  in  part  of  .Inly,  1927,  and  its  total  yield  to  Jan.  I,  1932, 
most  of  it  from  Ordovician  rocks,  was  321,000,000  barrels.  The  Oklahoma  City  field 
is  reported  to  have  had  a  potential  production  of  about  1,000,000  barrels  a  day. 

There  is  abundant  geologic  evidence  that  oil  and  gas  are  derived  from  organic 
matter,  probably  including  either  or  both  that  of  plants  and  animals,  which  is  deposited 
with  the  sediments.  Heat  and  pressure  in  the  rocks  aid  in  changing  the  organic; 
matter  to  oil  or  gas.  In  general,  there  is  a  movement  or  migration  of  the  oil  and  gas 
through  pore  spaces  in  the  rock,  induced  by  various  causes,  and  accumulation  takes 
place  where  favorable  geologic  structure  and  jxirosity  afford  opportunity  for  lodge- 
ment. Sandstones  commonly  have  a  relatively  high  porosity,  and  partly  for  that 
reason  the  "Wilcox"  sand  (Simpson,  Burgen)  of  the  Ordovician  in  Kansas  and  Okla- 
homa is  one  of  the  main  oil-bearing  formations.  In  parts  of  Indiana  and  Ohio  the 
Trenton  limestone  is  dolomitic  and  very  porous.  An  anticline,  or  other  relatively 
upraised  structure  involving  the  porous  formation,  offers  opportunity  for  the  greatest 
accumulation  of  oil  and  gas,  because  these,  being  lighter  than  the  salt  water  which 
commonly  fills  pore  spaces  in  the  deeper  rocks,  rise  to  the  highest  possible  part  of  the 
porous  rock. 

The  application  of  geology  to  the  finding  and  developing  of  oil  and  ga*  now  calls 
for  the  services  of  many  hundreds  of  geologists. 

Lead  and  zinc  ore  of  commercial  importance  occur  in  the  Middle  Ordovician 
(Mohawkian)  dolornitic  rocks  of  southwestern  Wisconsin  and  adjacent  parts  of  Illinois 
and  Iowa.  The  ore,  consisting  of  the  sulphides  and  carbonates  of  these  metals,  occurs 
in  crevices  and  solution  cavities,  and  as  replacements  of  the  limestone.  Originally 
disseminated  in  overlying  rocks,  the  metallic  minerals  are  thought  to  have  been 
dissolved  by  action  of  ground  water,  carried  downward  and  deposited  in  the  places 
where  they  now  occur.  Zinc  ore  occurs  also  in  Lower  Ordovician  rocks  of  eastern 
Tennessee. 

Cetnent  Rock. — Limestones  and  shales  of  Medial  Ordovician  age  in  eastern  Penn- 
sylvania and  northern  New  Jersey  are  quarried  on  an  enormous  scale  for  manufacture 
of  cement.  This  is  the  leading  Portland  cement-producing  area  in  the  country. 
Much  cement  and  lime  is  made  from  Ordovician  rocks  in  Illinois  and  Missouri. 

Lime  phosphate,  used  for  fertilizer,  comes  from  Ordovician  rocks  of  central  Ten- 
nessee. The  deposits  have  been  formed  by  solution  and  removal  of  calcium  carbonate 
of  the  phosphate-bearing  formation,  leaving  a  residual  concentration  of  the  phosphate. 

Manganese  ore,  which  supplies  the  material  for  valuable  steel  alloys,  is  concentrated 
in  a  similar  way  from  Ordovician  formations  in  parts  of  the  Appalachian  region  and 
in  northern  Arkansas. 

Building  and  ornamental  stone  of  many  sorts  and  roofing  slates  also  come  from 
Ordovician  rocks. 

Glass  Sand. — The  St.  Peter  sandstone  in  Illinois,  Missouri,  and  elsewhere  and  lower 
Middle  Ordovician  sand  in  Oklahoma  is  quarried  extensively  for  manufacture  of  glass. 
Lack  of  impurities  makes  it  suitable  for  manufacture  of  plate  glass  and  optical  glass. 
The  sand  is  also  used  for  moldings  in  foundry  work.  Because  of  uniform  roundness 
and  size  of  the  grains,  a  certain  screened  portion  of  the  St.  Peter  sand  is  used  as  a 
standard  in  making  cement  blocks  for  tests.  It  is  known  as  Ottawa  sand  (from 
Ottawa,  111.). 

SUMMARY 

The  Ordovician  rocks  are  separated  from  preceding  and  succeeding 
deposits  by  widespread  interruption  of  sedimentation.  In  North 
America,  however,  the  beds  of  the  older  Paleozoic  systems  are  laid  regularly 
one  on  another  in  parallel  position,  except  in  the  northern  Appalachian 
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region  where  Ordovician  and  older  rocks  were  folded  and  partly  eroded 
before  deposition  of  the  Silurian. 

The  Ordovician  formations  are  thickest  in  the  geosynclinal  troughs, 
where  also  is  a  maximum  amount  of  shale  and  sand.  Throughout  most 
of  the  Continental  Interior  region  and  especially  in  the  lower  and  middle 
parts  of  the  geosynclinal  deposits,  limestone  is  the  dominant  rock. 
Marine  invasions  from  different  oceanic  basins  are  identified  by  dis- 
tinguishing features  of  the  fossils  contained  in  the  various  formations. 
There  were  many  oscillations  of  these  seas.  In  the  Appalachian  region 
the  distribution  of  the  shallow  seas  was  probably  controlled  in  part  by 
subordinate  troughs  and  barriers.  In  the  interior  region  there  is  evidence 
of  domal  upwarping  in  the  Cincinnati,  Ozark,  and  Nashville  areas. 

(1)  Early  Ordovician  (Canadian)  time  is  characterized  by  widespread 
seas  in  which  thick,  massive  limestone  deposits  were  formed.  (2)  In 
the  next*  epoch  (Chazyan)  there  was  a  general  emergence,  especially  of 
the  Continental  Interior,  followed  by  submergence  in  which  several 
limestone  formations  were  made,  and  in  the  eastern  part  of  the  Appalach- 
ian trough  a  good  deal  of  shale  and  some  sandstone.  The  St.  Peter 
sandstone  of  the  Mississippi  Valley  region  belongs  to  this  epoch.  (3)  The 
third  epoch  (Mohawkian)  witnessed  the  greatest  marine  invasion  of  the 
continent  in  Ordovician  times,  the  sea  not  only  covering  the  geosynclinal 
areas  and  the  interior  region  but  reaching  northward  across  the  Arctic 
Circle  into  Northern  Europe.  Parts  of  the  deposits  of  this  epoch, 
however,  are  local  in  distribution  and  there  were  numerous  oscillations 
of  the  seas.  Deposition  of  shale  on  a  large  scale  occurred  in  the  central 
and  northern  Appalachian  region.  There  is  some  evidence  of  volcanic 
activity  in  the  eastern  part  of  the  United  States,  although  conditions 
were  generally  quiet.  (4)  The  closing  part  of  the  Ordovician  period 
(Cincinnatian  epoch)  was  marked  by  seas  in  which  there  was  a  marvelous 
profusion  of  marine  life. 

The  climate  of  Ordovician  time  appears  to  have  been  generally  warm 
and  without  much  contrast  in  different  places. 

Economic  products  of  great  value  are  found  in  Ordovician  rocks. 
These  include  especially  oil  and  gas,  lead  and  zinc,  lime  phosphate,  and 
glass  sand. 


CHAPTER  XIII 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  SILURIAN  TIME 

The  Silurian  period  follows  the  Ordovician  and  may  be  regarded  as 
closing  the  Early  Paleozoic  subera.  If  one  may  judge  from  comparative 
thickness  of  sedimentary  formations,  it  is  clear  that  the  Silurian  is  a 
shorter  division  of  time  than  the  Ordovician,  which  serves  to  remind  us 
that  a  geologic  period  has  no  definite  or  standard  length.  Ideally,  a 
geologic  period  is  defined  by  major  pulsations  of  sea  and  land,  the  con- 
tinent tending  to  be  largest  and  most  highly  emergent  at  the  beginning 
and  close  of  a  period,  and  most  extensively  inundated  by  the  seas  in  the 
medial  portion  of  a  period.  Life  in  the  seas  has  gradually  changed  with 
lapse  of  time.  Biologic  change  is  apparently  accelerated  at  times  of 
greatest  geographic  change,  so  that  faunas  representing  the  successive 
times  of  major  sea  transgression  differ  very  appreciably.  Accordingly, 
by  means  of  physical  evidence  and  the  nature  of  the  fossils  it  should  be 
easy  to  divide  the  rocks  (and  the  time  which  they  represent)  into  major 
units.  These  may  be  not  at  all  equal  in  value,  however.  In  general,  the 
method  of  defining  periods  of  geologic  time  in  this  way  works  out  very 
well,  but  there  are  many  deviations  from  the  ideal  cycle  of  marine 
advance  and  retreat  in  a  geologic  period. 

Definition  of  the  Silurian. — Following  the  almost  complete  emergence 
of  North  America  at  the  close  of  Ordovician  time,  there  is  evidence  of 
(1)  a  transgression  of  the  seas  in  part  of  the  central  and  eastern  United 
States  accompanied  by  extensive  sedimentation  of  coarse  land-derived 
waste  in  the  Appalachian  region,  (2)  later,  a  great  marine  inundation 
that  covered  most  of  the  central  and  northern  portions  of  the  continent, 
followed  by  (3)  a  great  restriction  of  the  sea,  with  development  of  a  large 
basin  of  strongly  saline  waters  in  the  eastern  Great  Lakes  region,  and 
finally  (4)  a  nearly  complete  withdrawal  of  the  sea  from  the  continent. 
This  corresponds  fairly  well  to  the  normal  geologic  period.  The  beginning 
of  the  transgression  (1)  marks  the  commencement  of  Silurian  time,  and 
the  withdrawal  of  the  sea  (4)  defines  the  close  of  the  period. 

An  angular  unconformity  is  found  at  the  base  of  the  Silurian  strata  in 
parts  of  the  Appalachian  region,  especially  in  eastern  Pennsylvania  and 
New  York.  The  Ordovician  rocks,  which  were  folded  and  to  some  extent 
metamorphosed  by  the  Taconitf  disturbance,  were  subjected  to  erosion 
that  beveled  the  folds  and  the  basal  Silurian  beds  lie  on  the  tilted  and 
truncated  older  rocks.  Pebbles  derived  from  the  Ordovician  formations 
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are  seen  in  the  Silurian  layers  above  the  plane  of  unconformity.  Else- 
where, as  in  most  of  the  central  states,  the  attitude  of  the  Ordovician 
and  Silurian  beds  is  parallel,  but  the  boundary  between  the  systems  is 
indicated  by  well-marked  differences  in  the  lithology  and  faunas  of  the 
contiguous  formations,  by  the  presence  locally  of  pebbles  of  Ordovician 
rock  in  the  base  of  the  next  younger  deposits,  and  by  the  occurrence  of 
bottommost  Silurian  strata  on  different  formations  of  Ordovician  age  in 


FIG.  07. — Contact  of  Ordovician  and  Silurian  rocks  near  Port  Clinton,  Pcnn. 
The  dip  of  the  beds  is  approximately  parallel  to  the  lettering     The  Silurian  beds  were  horizontal 


beds  very 
Darton, 

different  regions.     The  boundary  between  Ordovician  and  Silurian  rocks 
is  thus  established  on  both  physical  and  biologic  evidence. 

A  pronounced  break  between  the  Silurian  and  the  Devonian  systems 
is  observed  in  most  parts  of  North  America.  The  upper  boundary  of  the 
Silurian  in  these  places  is  accordingly  easy  to  determine.  It  appears, 
however,  that  in  much  of  the  Appalachian  region  sedimentation  was 
almost  uninterrupted  from  Late  Silurian  into  Early  Devonian  time.  The 
occurrence  of  transition  beds  that  connect  successive  geologic  systems  is 
not  surprising,  especially  in  places  near  the  margins  of  the  continents. 
Incomplete  withdrawal  of  the  sea  permits  development  of  an  unbroken 
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sequence  of  marine  deposits  in  areas  that  remain  submerged  during  nn 
interval  of  general  continental  emergence.  The  location  of  the  boundary 
between  Silurian  and  Devonian  in  the  Appalachian  region,  as  defined  in 
various  geologic  reports  of  recent  years,  has  been  based  on  comparison 
of  fossils  in  the  respective  formations  with  those  from  type  sections  in 
Europe.  The  line  has  been  drawn  at  the  base  of  a  certain  limestone 
(Keyser)  that  lies  conformably  on  Silurian  beds,  but  it  is  now  concluded 
by  geologists  who  have  studied  these  rocks  most  carefully  that  the  Silu- 
rian-Devonian boundary  really  belongs  at  a  higher  horizon  (base  of 
Coeymans  limestone)  which  is  marked  by  a  very  peftistent  unconformity. 
The  close  of  the  Silurian  in  Europe  is  marked  by  a  profound  mountain- 
building  disturbance.  Had  the  Silurian  been  defined  on  the  basis  of 
American  deposits  solely,  the  upper  boundary  would  properly  have  been 
drawn  to  coincide  with  the  maximum  retreat  of  the  sea,  which  occurred 
before  the  close  of  the  European  Silurian.  Conditions  on  one  continent 
may  thus  differ  from  those  on  another. 

GENERAL  CHARACTER  AND  DIVISIONS  OF  THE  SILURIAN  ROCKS 

Lithologic  Characters. — The  Silurian  formations  consist  of  conglomer- 
ate, sandstone,  shale,  limestone,  and  dolomite.  The  beds  of  conglomerate 
and  sandstone  are  mostly  restricted  to  the  lower  part  of  the  system  in  the 
Appalachian  region.  They  are  very  prominent  here,  forming  great 
mountain  ridges.  The  shale  formations  are  light-  to  dark-colored,  and, 
especially  in  the  east,  there  are  large  quantities  of  fine  red  sediments. 
Some  of  the  shale  consists  mainly  of  clay,  some  is  highly  calcareous,  and 
some  contains  much  fine  sand.  Fossils  are  very  abundant  in  some  beds 
but  lacking  in  others.  The  limestones,  which  are  mostly  magnesian, 
and  the  dolomites  are  widely  distributed  in  the  Continental  Interior. 
Some  of  these  formations  are  thinly  and  evenly  bedded,  others  very 
massive  and  almost  without  bedding  planes.  A  few  of  the  Silurian  lime- 
stones are  very  pure,  fine-  to  coarse-grained,  and  a  few  are  oolitic.  A 
subordinate  but  very  interesting  type  of  sedimentary  rock  consists  of 
iron  ore,  which  is  widespread  in  the  lower  Middle  Silurian  of  the  Appa- 
lachian region.  There  are  also  beds  of  gypsum  and  thick  beds  of  salt 
in  the  Upper  Silurian  of  the  country  about  Lake  Erie  and  in  Michigan. 

Divisions. — On  the  basis  of  marine  oscillations  and  attendant  dis- 
tinguishing characters  of  the  fossils  in  the  marine  deposits,  the  Silurian 
rocks  of  North  America  are  divided  into  three  series,  of  which  the  oldest 
is  termed  the  Medinan,  the  middle  the  Niagaran,  and  the  youngest  the 
Cayugan.  The  Medinan  formations  include  very  fossiliferous  limy  shale 
and  limestone,  red  and  gray  unfossiliferous  shale,  and  thick  massive  sand- 
stone. The  Niagaran  contains  the  chief  limestone  and  dolomite  forma- 
tions of  the  Silurian,  but  there  is  also  much  shale.  The  iron-ore  zone 
that  has  been  mentioned  occurs  in  the  Niagaran,  and  locally  there  are 
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thick  sandstone  and  conglomerate  beds.  The  Cayugan  contains  red 
and  gray,  mostly  unfossiliferous  shale,  limestone,  dolomite,  salt,  and 
gypsum. 

SILURIAN  FORMATIONS  OF  NORTH  AMERICA 

Distribution. — Outcrops  of  Silurian  rocks  occur  mainly  in  the  eastern 
and  northern  parts  of  the  continent.  In  New  York,  where  these  rocks 
were  first  studied  carefully  and  where  the  major  divisions  were  named,  the 


FIG.  68. — Map  of  North  America  showing  outcrop  areas  of  the  Silurian  system  (black) 
and  the  inferred  area  of  original  distribution  of  Silurian  rocks  (oblique  shading).  (R.  T. 
Chamberlin,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry  Holt  &  Company.) 

Silurian  rocks  occur  in  a  band  which  crosses  the  state  in  an  east-west 
direction  just  south  of  Lake  Ontario.  Trending  northwestward,  the 
outcrops  extend  across  Ontario  and,  except  for  local  breaks  where  the 
waters  of  Lakes  Huron  and  Michigan  cover  them,  may  be  traced  in  a 
continuous  belt  along  the  southern  border  of  the  northern  Michigan 
Peninsula  and  eastern  Wisconsin  to  Illinois,  Indiana,  and  Ohio.  On 
the  north  side  of  the  Cincinnati  arch  the  Silurian  covers  a  large  area,  but 
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farther  south  and  on  the  flanks  of  the  Nashville  uplift  the  outcrops  are 
narrow.  The  Appalachian  region,  from  southeastern  New  York  to 
Alabama,  contains  outcrops  of  the  Silurian  formations,  some  of  which, 
as  already  stated,  are  topographically  very  prominent.  In  addition  to 
these  areas,  Silurian  beds  are  known  in  Arkansas,  Oklahoma,  Missouri, 
and  Iowa.  They  occur  also  in  eastern  Canada  and  Newfoundland,  and 
southwest  and  north  of  Hudson  Bay.  Silurian  deposits  are  reported  in 
the  Cascadian  geosyncline. 

The  Type  Silurian  Section  in  New  York 

The  sequence  of  Silurian  ^deposits  in  western  New  York,  because  of 
relative  completeness,  simplicity  of  structure  permitting  definite  deter- 


FIG.  69. — Map  of  New  York  showing  outcrop  area  of  Silurian  rooks. 

New  York  State 


( Winifred  Goldring, 


mination  of  stratigraphic  succession,  and  occurrence  of  fossils,  but  espe- 
cially because  of  the  pioneer  work  of  New  York  geologists,  has  come  to  be 
regarded  as  the  type  Silurian  section  for  North  America.  The  rocks  dip 
gently  southward,  the  oldest  beds  appearing,  therefore,  in  the  north  and 
the  youngest  in  the  south.  The  section  is  imperfect,  especially  in  the 
lower  part,  in  that  only  the  near-shore  edges  of  some  of  the  deposits  are 
present.  New  York  was  located  near  the  margin,  rather  than  in  a  central 
part  of  the  general  region  of  Silurian  sedimentation.  Accordingly,  some 
parts  of  the  Silurian  are  better  developed  and  much  more  fossiliferous  in 
places  outside  New  York. 

Medinan  Series. — The  basal  Silurian  in  western  New  York  consists 
of  sandstone  and  sandy  shale  that  is  well  exposed  in  the  gorge  of  Niagara 
River.  A  coarse  white  sandstone  overlies  Upper  Ordovician  red  shale 
in  this  region  and  is  succeeded  by  alternating  gray  and  reddish  shale  and 
sandstone  beds,  some  of  which  contain  marine  fossils.  The  total  thick- 
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ness  of  the  Medinan  series  in  t.he  Niagara  River  section  is  only  1^0  feet. 
Rocks  of  this  age  are  traced  westward  into  Ontario,  where  they  become 
marine  shales  and  limestones,  but  they  disappear  eastward  before  central 
New  York  is  reached. 

Niagaran  Series. — The  Middle  Silurian  Niagaran  series  consists  of 
two  main  parts,  the  lower  composed  mainly  of  shale  and  limestone 
(Clinton)  and  the  upper  consisting  of  massive  dolomite  (Lockport). 
At  the  base  of  the  Niagaran  in  western  New  York  is  a  thin  sandstone 
(Thorold),  which  is  represented  in  the  central  part  of  the  state  by  a 
conglomerate  (Oneida)  50  to  75  feet  thick.  The  next  overlying  strata 
consist  chiefly  of  greenish,  purplish,  and  bluish  gray  shales.  There  are 
also  some  thin  limestones  and  thin  beds  of  iron  ore.  The  ease  with  which 


.bit;.  YD.      Downstream  view  of  .Niagara  Kivcr  gorge  showing  Silurian  formations.      (Courtesy 

of  New  York  Stair  Miwt,m.  Albany,  N.  F.) 

the  soft  Clinton  rocks  are  undercut  by  the  waters  of  Niagara  River, 
coupled  with  the  strongly  resistant  character  of  the  massive  Lockport 
dolomite  in  this  area,  is  primarily  responsible  for  the  existence  of  Niagara 
P'alls.  The  upper  Niagaran  rocks  form  a  prominent  north-facing  escarp- 
ment, which  is  one  of  the  most  striking  topographic  features  in  central 
and  western  New  York  and  in  Ontario. 

The  Middle  Silurian  is  represented  in  eastern  New  York  by  very 
massive,  resistant  conglomerate  and  sandstone  constituting  part  of  the 
Shawangunk  formation.  This  formation,  which  is  as  much  as  1,500 
feet  thick  in  places,  includes  beds  of  Medina  age  at  the  base  and  probably 
of  Cayugan  age  at  the  top.  It  rests  unconformably  on  folded  and 
eroded  Ordovician  rocks.  The  coarse  material  of  this  Silurian  formation 
was  evidently  derived  mainly  from  neighboring  uplands  of  Appalachia 
that  existed  to  the  east  of  the  New  York  region.  The  conglomerate 
forms  prominent  mountain  ridges. 
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Cayugan  Series. — The  lower  part  of  the  Cayugan  series  consists  of 
alternating  red  and  gray  shale  that  forms  a  gently  rolling  plain.  Beneath 
the  zbne  of  active  ground-water  solution,  there  are  numerous  salt  beds, 
ranging  in  thickness  from  a  few  inches  to  many  feet,  the  aggregate  thick- 
ness in  places  being  300  feet.  Calcium  sulphate,  in  the  form  of  anhydrite 
and  gypsum,  also  occurs.  The  upper  part  of  the  Cayugan,  as  seen  near 
Buffalo  and  to  the  east,  consists  chiefly  of  dark-colored,  rather  thinly 
bedded,  impure  limestones  which  have  the  property,  when  ground  and 
burned,  of  forming  a  cement  which  sets  under  water  and  are  therefore 
known  as  waterlimes. 

The  Appalachian  Region 

Lower  Silurian  Ridge-making  Sandstone. — The  oldest,  and  also  the 
most  prominent,  Silurian  formation  of  the  Appalachian  region  is  a  thick, 
resistant  sandstone  or  quart zite,  called  the  Tuscarora  sandstone.  This  is 
a  white  or  gray  rock,  massively  bedded,  and  ranging  in  thickness  to  nearly 
1,000  feet.  It  rests  disconfonnably  on  red  beds  (Juniata)  of  the  Upper 
Ordovician.  Equivalent  beds  in  eastern  Pennsylvania  occur  with  angular 
unconformity  above  folded  slate  (Martinsburg)  of  Ordovician  age. 
Conglomerate  is  seen  at  the  base  of  the  Silurian  sandstone  in  many 
places.  The  Tuscarora  (or  Medina)  is  one  of  the  main  mountain-making 
formations  of  the  Appalachians.  The  coarse  texture  of  the  sandstone 
and  the  occurrence  of  conglomerate,  especially  toward  the  east,  indicate 
that  Appalachia  was  rather  strongly  uplifted  at  the  beginning  of  Silurian 
time.  Also,  the  thickness  and  wide  distribution  of  the  sandstone  show 
that  erosion  of  the  land  must  have  been  extensive  in  order  to  supply  so 
large  a  volume  of  coarse  sandy  material. 

Middle  Silurian. — The  next  formations,  of  early  Niagaran  age,  are 
variable  in  content  and  thickness  but  consist  mostly  of  shale  with  sub- 
ordinate amounts  of  sandstone,  thin  limestone,  and  iron-ore  beds.  The 
average  thickness  is  between  500  and  1,000  feet.  The  beds  are  of  marine 
origin,  and,  although  they  appear  unfossiliferous,  minute  fossil  shells  are 
abundant  in  some  layers.  The  fossils  and  similarity  of  lithologic  features 
indicate  that  these  beds  correspond  to  the  Clinton  group  of  New  York. 

Iron-bearing  beds  that  occur  in  this  part  of  the  Silurian  are  of  interest, 
and  in  places  they  are  of  commercial  importance.  The  iron  occurs  mainly 
as  hematite  (Fe2O3)  which  is  associated  with  clay,  sand,  or  limestone. 
Some  of  the  iron  may  have  been  directly  precipitated  chemically  in  the 
shallow  sea,  but  much  of  it  replaces  other  material,  such  as  limestone 
particles  and  fossil  shells.  A  part  of  the  ore  occurs  in  the  form  of  oolite 
grains.  Iron  in  solution,  probably  as  iron  carbonate  or  sulphate,  is 
precipitated  by  calcium  carbonate  and  the  iron  mineral  replaces  the 
carbonate.  Thus  shallow  (especially  lagoonal)  areas  containing  iron- 
rich  waters  would  produce  iron-bearing  deposits,  the  iron  replacing  shell 
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fragments,  oolite  grains,  and  other  calcareous  particles.  Where  the  iron 
oxide  is  sufficiently  concentrated  and  abundant,  it  constitutes  an  iron 
ore.  The  iron-bearing  beds  are  certainly  of  sedimentary  origin,  and  they 
indicate  an  unusual,  very  interesting  condition  in  this  region  at  the  time 
of  their  origin. 

Upper  Silurian. — Formations  of  Cayugan  age  are  extensive  in  the 
Appalachian  area,  being  rather  thin  or  lacking  in  the  south  but  thickening 
to  more  than  1,500  feet  in  the  north.  They  consist  of  shale  and  thin 
sandstone  and  limestone  beds  in  the  lower  part,  and  prominent  fine- 
grained dark-banded  limestone  in  the  upper  part.  Unfossiliferous  red 


FIG.  71. — Folded  Silurian  .strata  (Keefer  sandstone)  near  Clifton  Forge,  Virginia.      (Charles 

Butts,  U.  >S.  (!<-nl.  Knrneu.) 

shale  and  sandstone  of  the  lower  part  of  the  Cayugan  series  are  most 
prominent  in  the  eastern  parts  of  the  Appalachian  trough,  and  they  grade 
laterally  westward  into  gray  shale  with  some  thin  limestone  beds  that 
contain  marine  fossils  (Fig.  72).  The  red  sediments  are  apparently  of 
continental  origin.  The  occurrence  of  upper  Cayugan  limestone  beds 
above  the  red  beds  shows  that  the  Late  Silurian  sea  advanced  somewhat 
toward  Appalachia.  In  Maryland  and  eastern  Pennsylvania  this  lime- 
stone grades  upward  practically  without  break  into  the  basal  Devonian. 

The  Continental  Interior 

Under  this  heading  we  may  conveniently  group  the  Silurian  outcrops 
of  the  Mississippi  Valley,  the  Great  Lukes  region,  central  Canada,  and 
the  Arctic  Border  of  the  continent. 
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Lower  Silurian. — The  Medinan  deposits  of  the  Continental  Interior, 
called  Alexandrian,  consist  mainly  of  limestone  and  are  relatively  thin. 
The  assemblage  of  fossils  is  distinctly  different  from  that  of  the  underlying 
uppermost  Ordovician  strata  and  in  many  places  there  is  physical  evi- 
dence of  the  interruption  of  sedimentation  that  separates  the  Silurian 
and  Ordovician  systems.  For  example,  rocks  of  Medinan  age  (Brassfield) 
in  Ohio  overlie  a  number  of  different  Upper  Ordovician  formations 
(Saluda  to  Elkhorn)  and  in  places  they  contain  pebbles  and  blocks  derived 
from  the  older  strata.  Locally,  the  Lower  Silurian  is  overlapped  by 
Middle  Silurian,  which  accordingly  rests  directly  on  Ordovician  rocks. 
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FIG.  72. — Diagrammatic  section  of  Silurian  deposits  of  the  Appalachian  region  in  south- 
eastern Pennsylvania,  showing  especially  the  westward  gradation  of  unfossiliferous  red 
l>eds  in  the  Cayugan  series  into  gray  shale  and  limestone.  (Data  from  C.  K.  and  F.  M. 
tiwartz.) 

The  Lower  Silurian  deposits  arc  restricted  to  the  northern  and  central 
Mississippi  Valley  region  and  a  part  of  Arkansas  and  southern  Oklahoma. 
The  sea  was  of  neither  northern  nor  eastern  origin  but  appears  to  have 
come  from  the  south. 

Middle  Silurian  Limestone  and  Dolomite. — The  most  prominent 
formations  of  Silurian  age  in  the  interior  region  are  of  Niagaran  age. 
They  consist  mostly  of  grayish  to  yellowish  or  white  magnesian  lime- 
stone and  dolomite  in  thin  or  massive  layers,  the  thickness  ranging  from 
about  100  to  more  than  600  feet.  In  places,  especially  parts  of  the  Ohio 
Valley,  there  are  beds  of  pure  limestone  and  a  little  shale.  The  sea  in 
which  these  beds  were  deposited  was  widespread.  It  was  apparently 
of  Arctic  origin,  as  indicated  by  the  nature  of  the  fossils  and  by  the 
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occurrence  of  Niagara.ii  limestone  on  the  south  shore  of  Hudson  Bay  and 
in  the  Arctic  Archipelago. 

Bioherms. — The  Niagaran  beds  of  Indiana,  the  Michigan  basin,  and 
some  other  parts  of  the  Mississippi  Valley  contain  large  structureless 
masses  of  limestone  surrounded  by  thinly  and  evenly  bedded  limestone 
(or  in  some  cases  by  massive  limestone)  which  dips  steeply  away  on 
all  sides  from  the  structureless  masses,  but  in  a  short  distance  the  inclined 
beds  become  horizontal.  Within  the  thick  unstratified  masses  of  lime- 
stone are  algae,  stromatoporoids, 1  and  corals  standing  in  the  position  of 


FIG.   73. — Typical   Niagaran   limestone   in   quarry  at  Jolict,   ill.      (Paul   MacClintock,  in 
ChambcrUn  and  Salishurf/'x  Historical  Geology,  Henry  Holt  &  Company.) 

growth,  whereas  the  adjacent  stratified  rocks  contain  broken  and  worn 
fragments  of  corals,  algal  and  stromatoporoid  deposits,  and  shells.  The 
unstratified  rock  masses  and  the  surrounding  steeply  inclined  beds  are 
termed  bioherms  or  "reefs."  They  represent  local  protuberances  of  the 
shallow  sea  floor  that  were  built  by  the  calcareous  secretions  of  plant 
and  animal  communities  essentially  like  those  that  have  made  the 
many  modern  coral  reefs. 

Upper  Silurian. — Formations  belonging  to  the  Cayugan  series  occur 
in  the  Great  Lakes  region,  including  Michigan,  northern  Ohio,  and 
Ontario.  They  are  reported  also  far  to  the  northwest  in  the  Mackenzie 
Valley  of  northwestern  Canada.  Dolomites,  shales,  and  beds  of  gypsum 
and  salt  are  the  chief  types  of  rock  in  this  part  of  the  Silurian  section.  . 

Salt  Deposits.  —The  area  of  salt  beds  in  the  Upper  Silurian  exceeds 
100,000  square  miles,  including  most  of  the  southern  peninsula  of  Michi- 
gan, parts  of  Ontario,  northern  Ohio,  Pennsylvania,  and  New  York,  as 

1  These  are  lime-secreting  colonial  invertebrates  distinctly  related  to  corals. 
They  are  described  in  Chap.  XV. 
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well  as  most  of  the  area  of  Lake  Erie  and  parts  of  Lake  Huron  and  Lake 
Michigan.  According  to  borings,  the  maximum  thickness  of  rock  salt 
is  a  little  over  600  feet,  reported  near  Detroit  and  Alpena,  Mich.  A  few 
miles  south  of  Syracuse,  in  central  New  York,  the  salt  is  more  than  318 
feet  thick.  In  parts  of  this  region,  as  in  central  Michigan  and  northern 
Pennsylvania,  the  salt  formation  is  so  deeply  buried  that  it  has  not  been 
penetrated  by  wells. 

If  we  estimate  that  the  average  thickness  of  the  salt  is  100  feet,  which 
is  probably  conservative,  computation  shows  that  there  is  more  than  a 
hundred  million  cubic  yards  of  salt  in  the  whole  basin — a  stupendous 
amount  weighing  more  than  185  million  tons.  It  would  require  the 
evaporation  of  about  8,000  feet  of  sea  water,  covering  all  of  this  area,  to 
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Fiu.  74.      Map  showing  approximate  outline  of  the  Silurian  salt  deposits  in  the  Michigan- 
New  York  region. 

supply  this  quantity  of  salt.  We  may  say  with  some  confidence  that 
the  waters  in  which  the  salt  was  precipitated  were  probably  never  even 
one-tenth  of  this  depth.  The  Cayugan  salt  was  not  formed  by  the 
evaporation  to  dryness  of  a  sea  cut  off  from  the  ocean,  like  the  Caspian 
of  the  present  day,  for  if  this  had  been  so,  we  should  find  with  the  rock 
salt  large  deposits  of  potash  and  magnesian  compounds  that  are  contained 
in  sea  water  and  that  are  more  soluble  than  ordinary  salt.  These  soluble 
potash  and  magnesian  minerals  are  not  known  in  the  region.  We  must 
conclude,  then,  that  the  salt  sea  was  periodically  or  continuously  replen- 
ished with  salt  water  coming  from  a  connection  with  the  open  ocean. 
This  connection  must  have  been  too  restricted  to  permit  free  circulation 
but  sufficient  to  allow  compensation  of  the  lowering  of  level  in  the  inland 
sea  due  to  evaporation.  Comparable  conditions  could  exist  today  in 
continental  seas  like  Hudson  Bay  or  the  Baltic  if  the  climate  in  these 
regions  were  sufficiently  hot  and- arid.  It  is  necessary,  however,  that 
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FIG.  75. — Some  typical  sections  of  the  Silurian  system. 
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the  passageway  leading  to  the  salt  basin  should  be  shallow  enough  to 
prevent  drainage  of  the  heavy  brines  from  the  basin  into  the  outer 
sea. 

The  suggestion  has  been  made  (Grabau)  that  a  major  part  of  the 
Cayugan  salt  may  have  come  from  leaching  of  salt  from  the  large  sur- 
rounding area  of  recently  formed  marine  sediments.  The  pore  spaces 
in  these  sediments  would,  of  course,  be  filled  with  sea  water,  and  under 
proper  conditions  salt  derived  from  this  water  could  be  carried  into  an 
inland  sea.  The  Great  Salt  Lake  is  a  highly  saline  water  body  because 
salt  carried  into  it  by  streams  is  concentrated  by  evaporation  that 
exceeds  precipitation.  Quantitative  comparison  of  the  salt  that  might 
be  derived  from  leaching  of  Middle  Silurian  marine  formations  and  the 
salt  beds  of  the  Cayugan  series  indicates  that  the  suggested  source  is 
considerably  too  small  for  the  observed  deposits.  It  is  none  the  less 
possible  that  some  of  the  salt  may  have  been  obtained  from  this  source. 

The  Cordilleran  Region 

Silurian  rocks  have  been  reported  in  Idaho,  Utah,  Nevada,  and  British 
Columbia,  but  they  have  been  little  studied.  Most  of  western  North 
America  seems  to  have  been  land  during  Silurian  time. 

SILURIAN  DEPOSITS  OF  OTHER  CONTINENTS 

Silurian  formations  are  widespread  in  Europe.  They  rest  unconformably  on 
Ordovician  rocks  in  central  England,  Wales,  and  part  of  France.  The  nature  of  the 
sediments  varies  greatly  in  different  places  and  in  different  parts  of  the  system.  As 
in  America,  some  of  the  Upper  Silurian  beds  appear  to  be  of  continental  origin. 
Peculiarities  in  the  distribution  of  certain  groups  of  fossils,  and  the  presence  of  uncon- 
formities in  various  sections,  show  changes  in  the  distribution  of  the  Silurian  seas 
during  the  period.  Outside  Great  Britain,  the  most  important  areas  of  Silurian 
rocks  are  found  in  Bohemia,  Germany,  France,  northwestern  Russia,  Scandinavia,  and 
islands  of  the  Baltic,  especially  Gotland. 

In  Asia,  the  Silurian  is  known  in  Siberia,  China,  Turkestan,  Burma,  and  the  region 
of  the  Himalayas.  Rocks  of  this  age  extend  also  across  parts  of  Australia  and  New 
Zealand.  The  Silurian  is  represented  in  northern  Africa  and  in  the  Brazilian  portion 
of  South  America. 

PHYSICAL  HISTORY  OF  SILURIAN  TIME 

Medinan  Epoch. — The  early  part  of  Silurian  time  is  marked  by  an 
uplift  of  the  Appalachian  borderland  which  caused  west-flowing  streams 
to  carry  large  quantities  of  grit  and  sand  into  the  adjacent  geosynclinal 
area.  Much  fine  sediment  was  probably  also  carried  toward  the  lowland 
of  the  Continental  Interior  but,  if  so,  it  was  mostly  transported  beyond 
the  belt  in  which  the  sand  was  deposited  and  it  is  now  concealed  by 
younger  Paleozoic  rocks  in*  the  western  Appalachian  and  Allegheny 
Plateau  region.  Shallow  clear  seas  in  which  limestone  was  deposited 
were  present  during  part  of  this  time  in  the  Continental  Interior,  reaching 
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eastward  to  Ohio,  southwestward  as  far  as  southern  Oklahoma,  and 
probably  northward  far  into  Canada. 

Niagaran  Epoch. — The  medial  part  of  the  Silurian  period  is  charac- 
terized by  widespread  marine  inundation,  the  deposits  formed  in  most  of 
the  submerged  area  being  limestone  and  dolomite,  which  denote  clear 
but  not  necessarily  deep  water.  In  the  early  part  of  this  epoch  (Clinton 
time)  a  sea  which  appears  to  have  been  connected  with  the  Atlantic 
occupied  the  Appalachian  trough  and  spread  westward  as  far  as  Indiana. 
Several  hundred  feet  of  beds,  consisting  mostly  of  shale,  were  derived 
from  the  adjacent  Appalachian  land  mass  but  locally,  as  in  eastern  New 
York,  the  deposits  consist  of  coarse  sand  and  conglomerate.  Red  color, 


FIG.  76. — Niagara  Falls,  formed  by  resistant  Middle  Silurian  dolomite.      (From  Interna- 
tional Geol.  Congress  Guidebook  4,  by  permission  of  M.  J.  Washburn.) 

due  to  abundant  iron  oxide,  distinguishes  parts  of  these  deposits  of  the 
Appalachian  region,  and  in  places  the  iron  is  so  concentrated  as  to  make 
iron  ore.  Excepting  only  some  of  the  sand  and  conglomerate,  all  of  the 
strata  appear  to  be  of  marine  origin.  In  this  earlier  part  of  the  Niagaran 
epoch,  part  of  the  central  and  all  of  the  western  Mississippi  Valley  region 
appear  to  have  been  emergent,  but  in  Wisconsin  and  Michigan  there  are 
dolomitic  beds  deposited  in  a  sea  that  came  from  the  north  and  apparently 
was  not  connected  with  the  Appalachian  area. 

In  the  later  part  of  the  Niagaran  epoch  (Lockport  time)  there  was  a 
marked  change  in  conditions,  for  deposits  of  this  age  are  not  known  in 
the  Appalachian  region,  while  they  are  exceedingly  widespread  in  the 
Mississippi  Valley  and  the  country  to  the  north.  There  is  evidence  that 
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this  sea  also  invaded  northern  Europe.  Fossils  in  the  upper  Niagaran 
deposits  of  the  Mississippi  Valley,  in  remnants  of  these  rocks  in  central 
and  northern  Canada,  and  in  Middle  Silurian  formations  of  the  Baltic 
region  of  Europe  are  remarkably  alike.  This  similarity  includes  some 
very  strange  and  peculiarly  specialized  organisms  that  certainly  did  not 
originate  simultaneously  and  independently  in  these  widely  separated 
areas.  The  deposits  consist  mostly  of  dolomite;  there  is  a  little  limestone 
but  almost  no  shale.  The  waters  were  clear  and  probably  moderately 
warm,  for  reefs  (bioherms)  of  corals,  algae,  and  stromatoporoids  are  found 
in  many  places.  Some  of  the  southern  Silurian  deposits  of  this  time,  in 
Oklahoma,  Arkansas,  and  Tennessee,  contain  several  kinds  of  fossils 
that  are  not  known  in  the  north  and  it  is  believed  that  these  deposits 
are  due  to  a  temporary  invasion  of  a  sea  from  the  south. 
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Fio.  77. — Section  of  Silurian  and  associated  rooks  in  northern  New  Jersey.  Kittatinny 
Mountain  is  formed  by  the  resistant  Tuscarora  sandstone  of  Lower  Silurian  age.  (From 
International  Geol.  Congress  Guidebook  7,  after  Bradford  Willard.) 

Cayugan  Epoch. — In  contrast  to  the  Niagaran  epoch,  early  Cayugan 
time  is  distinguished  by  a  restricted  sea.  Most  of  the  area  of  Middle 
Silurian  dolomite  deposition  became  dry  land,  while  the  Atlantic  sea 
again  came  into  the  northern  part  of  the  Appalachian  trough.  The  red 
and  gray  unfossiliferous  shale  in  the  New  York  and  eastern  Appalachian 
region,  and  sand  which  at  places  occurs  with  these,  is  interpreted  as 
continental  in  origin,  representing  soil  materials  that  were  brought  from 
the  land  by  streams,  or  possibly  in  part  blown  by  the  wind.  Prevalent 
red  color  shows  the  thorough  oxidation  of  iron  compounds.  From  New 
York  westward  to  Michigan  the  accumulation  of  thick  salt  beds  points 
to  a  dry  arid  condition.  The  dwindled  water  body  that  covered  the  area 
where  salt  beds  now  occur  probably  had  restricted  connections  with  the 
open  sea  in  the  east  and  there  may  have  been  indirect  connection  with 
the  sea  in  the  northern  part  of  the  Appalachian  trough.  Later,  the 
connection  with  the  outer  ocean  wafers  was  widened  and  the  salt  content 
of  the  interior  sea  became  more  nearly  normal.  Dolomite  and  limestone 
beds  containing  marine  faunas  were  deposited. 

Climate.— For  the  same  reasons  that  were  advanced  in  discussing 
climate  of  Ordovician  times,  it  is  probable  that  the  Silurian  period  was 
characterized  by  generally  warm,  fairly  uniform  climatic  conditions. 
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The  seas  were  widespread  and  the  adjacent  lands  were  low-lying,  except 
in  Appalachia  during  the  early  part  of  the  period.  Reef-building  corals 
were  widespread  in  the  clear  lime-depositing  inland  seas,  and  fossils 
from  the  far  north  are  practically  the  same  as  those  from  the  central 
United  States.  The  salt  beds  and  associated  sediments  of  early  Cayugan 
time  in  the  Michigan-New  York  area  point  to  aridity  in  this  region. 
There  is  some  evidence  of  glaciation  in  parts  of  the  Silurian  of  Alaska, 
but  this  is  local,  and  if  glaciers  were  existent  they  were  probably  not 
extensive  or  of  long  duration.  Appearance  of  divergent  climatic  indica- 
tions in  different  regions,  and  representing  possibly  different  portions 
of  time  as  long  as  a  geologic  period,  should  not  be  regarded  as  inhar- 


Fio.  78. — Front  of  Shawangunk  Mountain,  southeastern  New  York.  The  cliff-forming 
rock  is  the  Shawangunk  formation  of  Silurian  age,  about  600  feet  thick.  (Florrie  Holz- 
wasser,  Barnard  f'oMrge.) 

monious.     Climatic   variation  rather   than  extreme   uniformity  should 
normally  prevail. 

Close  of  the  Period.-  Discussion  of  the  upper  boundary  of  the 
Silurian  in  North  America  has  brought  out  the  fact  that  there  were  no 
great  geographic  changes  at  this  time  that  serve  to  separate  the  Silurian 
period  sharply  from  the  Devonian.  The  continent  was  generally 
emergent  but  nowhere  in  the  United  States  is  there  evidence  of  mountain- 
making  at  this  time.  This  is  not  the  case,  however,  in  other  regions. 
The  close  of  Silurian  time  brought  to  Europe  one  of  the  great  mountain- 
building  epochs  of  its  geologic  history.  The  roots  of  these  mountains  are 
now  traced  along  the  northwestern  margin  of  the  continent  in  Scandinavia 
and  the  highland  of  northwestern  Scotland.  The  rocks  are  very  pro- 
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foundly  folded  and  faulted,  indicating  that  the  Silurian  mountains, 
which  have  been  called  the  Caledonian  Mountains,  were  probably  once 
comparable  in  magnitude  and  grandeur  to  the  Alps.  Great  masses  of 
rock  were  pushed  along  some  of  the  thrust  faults  for  dozens  of  miles. 
Associated  with  this  deformation  of  the  sedimentary  rocks,  there  was 
intrusion  of  granites  and  related  igneous  rocks  on  a  huge  scale. 

Recent  explorations  in  the  Arctic  show  that  the  northern  edge  of 
North  America  was  greatly  disturbed  and  crumpled  at  this  time.  J  The 
Silurian  mountains  of  this  region  have  been  traced  along  the  north  coast 
of  Greenland,  in  Kllesmereland,  and  in  northern  Alaska,  trending  in  a 
general  northeast-southwest  direction.  Lesser  mountain-making  move- 
ments took  place  at  the  end  of  Silurian  time  also  in  Asia,  Australia, 
South  America,  and  northern  Africa. 

The  mountain-building  and  attendant  biologic  changes  at  the  close 
of  Silurian  time  may  be  considered  as  dividing  the  older  from  the  younger 
part  of  the  Paleozoic  era.  The  Caledonian  disturbance  was  more  pro- 
found and  widespread  than  any  that  had  occurred  since  the  beginning  of 
Paleozoic  time.  The  Silurian  and  older  geologic  periods  are  generally 
characterized  by  the  dominance  of  marine  life  consisting  mostly  of 
invertebrates.  The  later  Paleozoic  has  also  abundant  marine  life  but 
it  is  characterized  by  the  first  appearance  of  land  plants  and  animals. 
We  may,  therefore,  regard  the  Silurian  as  the  closing  part  of  the  Early 
Paleozoic  subera. 

ECONOMIC  RESOURCES 

The  chief  materials  of  economic  importance  obtained  from  Silurian  rocks  are  salt, 
oil  and  gas,  iron  ore,  glass  sand,  cement  rock,  and  stone  for  highway  and  construction 
purposes. 

Salt  in  the  Upper  Silurian  Michigan-New  York  area  is  produced  by  underground 
mining  and  by  brine  wells.  In  the  production  of  salt  from  wells,  water  is  forced  to 
the  salt-bearing  beds,  allowed  to  dissolve  the  salt,  and  then  pumped  back  to  the 
surface,  where  the  brine  is  evaporated  in  vats.  Michigan  is  the  largest  salt  producer 
in  the  United  States  but  a  portion  of  the  salt  comes  from  post-Silurian  formations; 
next  is  New  York,  and  then  Ohio.  The  annual  total  yield  from  the  Silurian  salt  beds 
is  valued  at  15  to  20  million  dollars. 

Oil  and  gas  are  obtained  from  Lower  Silurian  rocks  in  a  belt  that  crosses  Ohio 
from  north  to  south  a  little  east  of  the  center  of  the  state.  Some  oil  production  is  also 
obtained  from  Middle  Silurian  limestone  in  Kentucky.  The  known  quantity  of  oil 
and  gas  in  Silurian  formations,  however,  is  vastly  less  than  in  the  Ordovician. 

Iron  Ore. — Outcrops  of  the  Clinton  iron  ore  extend  across  New  York  state  and 
along  the  Appalachian  belt  to  Alabama.  The  ore  contains  up  to  60  per  cent  metallic 
iron  and  formerly  was  worked  at  many  places.  At  present  the  iron  is  mined  exten- 
sively only  in  the  Birmingham  district  of  Alabama,  where  conveniently  adjacent  coal 
deposits  encourage  development  of  a  great  steel  industry  which  serves  the  southern 
market.  The  chief  iron-ore  bed  near  Birmingham  is  10  to  18  feet  thick  and  a  short 
distance  beneath  it  is  another  bed  4  or  5  feet  thick  which  is  mined  in  places. 

Glass  Sand. — Clean,  white  sandstone  of  Lower  Silurian  age  is  mined  extensively 
for  glass  manufacture  in  Pennsylvania  and  Maryland. 
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Cement  Rock, — Impure  limestone  in  the  Upper  Silurian  of  New  York,  Ohio, 
Indiana,  Michigan,  and  Ontario  has  the  properties  of  a  natural  cement  rock  and  it 
has  been  extensively  quarried.  Portland  cement,  however,  is  made  from  ordinary 
limestone  mixed  with  the  proper  proportion  of  clay  shale. 

Stone. — Silurian  dolomite  is  extensively  quarried  in  many  places,  especially  near 
Chicago,  for  the  purpose  of  securing  stone  for  construction  purposes,  chiefly  concrete  in 
buildings  and  highways. 

SUMMARY 

The  Silurian  system  rests  unconformably  on  Ordovician  beds  and, 
excepting  part  of  the  Appalachian  district,  is  overlaid  unconformably  by 
Devonian  or  younger  formations. 

The  oldest  division  of  the  Silurian  (Medinan  series)  consists  of  lime- 
stone in  the  Mississippi  Valley,  but  in  the  Appalachians  there  is  a  thick, 
very  resistant  quart zitic  sandstone  that  makes  mountain  ridges. 

The  Middle  Silurian  (Niagaran  series)  is  characterized  chiefly  by 
magnesian  limestone  and  dolomite  formations  that  cover  most  of  the 
Mississippi  Valley  and  Great  Lakes  region  and  extend  northward  to  the 
Arctic  Circle.  An  interesting  feature  of  part  of  these  Calcareous  deposits 
is  the  occurrence  of  well-defined  reefs  (bioherms)  composed  of  corals, 
algae,  and  stromatoporoids.  New  York  and  the  Appalachian  Mountain 
area  contain  marine  shaly  beds,  part  of  which  are  ^ed,  and  a  persistent 
iron-bearing  zone  which  is  sufficiently  rich  in  many  places  to  be  classed 
as  iron  ore.  The  Niagaran  rocks  of  eastern  New  York  and  part  of 
Pennsylvania  consist  of  thick,  re3istant  conglomerate.  Rocks  of  late 
Medial  Silurian  age  seem  to  be  absent  in  the  southern  Appalachians. 

Upper  Silurian  rocks  (Cayugan  series)  consist  of  normal  marine 
limestones,  sandstones,  and  shaly  beds  in  the  Appalachians,  and  of  red 
and  gray  mostly  unfossiliferous  shale,  gypsum,  and  salt  beds  in  New 
York  and  the  eastern  Great  Lakes  area.  The  salt  beds  extend  over 
about  100,000  square  miles  and  have  a  maximum  thickness  of  more  than 
600  feet. 

Outstanding  features  in  the  history  of  Silurian  time  in  North  America 
are  (1)  continental  sedimentation  in  the  Appalachian  area  during  the 
Early  Silurian  epoch,  an  outwash  of  coarse  sand  being  spread  westward 
from  Appalachia,  (2)  deposition  of  red  sediments  and  iron  ore  in  the 
Appalachian  region  in  early  Medial  Silurian  time,  (3)  a  great  Arctic 
invasion  that  covered  the  central  and  northern  parts  of  the  continent 
in  later  Medial  Silurian  time,  making  limestone  and  dolomite  beds  that 
in  places  contain  numerous  reefs,  (4)  restriction  of  the  interior  sea  to  the 
eastern  Great  Lakes  region  in  the  Late  Silurian  epoch  (or  possibly  the 
formation  of  a  huge  salt  lake),  and  continued  evaporation  leading  to 
deposition  of  gypsum  and  thick  salt  beds,  (5)  presence  in  the  Appalachian 
trough  of  normal  marine  conditions  near  the  close  of  Silurian  time, 
persisting  with  practically  no  break  into  the  Early  Devonian,  and  (6) 
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important  mountain-building  along  the  northern  border  of  North  America 
at  the  close  of  the  Silurian,  which  constitutes  part  of  the  Caledonian 
disturbance  that  is  so  prominently  shown  in  northwestern  Europe. 

The  climate  of  Silurian  time  was  probably  warm  and  generally  equa- 
ble, but  arid  conditions  appear  to  have  prevailed  in  the  Michigan-New 
York  region  during  the  late  part  of  the  period.  Glaciation  may  have 
occurred  locally  in  Alaska. 

The  chief  economic  products  of  Silurian  rocks  are  salt,  natural  gas, 
and  iron  ore. 


CHAPTER  XIV 

THE  NATURE  OF  FOSSILS 

The  presence  in  sedimentary  formations  of  abundant  well-preserved 
remains  of  plant  or  animal  life  is  an  exceedingly  important  feature  in  the 
delineation  of  earth  history.  The  Early  Paleozoic  rocks  are  the  first 
that  in  certain  layers  and  in  many  places  contain  abundant  evidence  of 
life.  It  is  desirable,  therefore,  to  introduce  at  this  point  some  considera- 
tion of  the  essential  characteristics  of  fossils,  the  conditions  necessary 
for  fossilization,  and  factors  governing  the  practical  usefulness  of  fossils 
in  deciphering  the  geologic  record.  Classification  of  the  different  kinds  of 
animals  and  plants  is  also  outlined  briefly.  The  following  chapter  describes 
the  classes  of  organisms  that  are  important  in  the  Early  Paleozoic  periods 
and  the  general  nature  of  the  known  faunas  of  each  period. 

CHARACTERISTICS  OF  FOSSILS 

Fossils  are  the  remains  or  traces  of  animals  or  plants,  in  which  the 
form,  and  in  some  cases  the  structure,  is  preserved  in  rocks.  The  word 
comes  from  the  Latin  fossilis,  meaning  something  dug  out  of  the  earth. 

In  ancient  and  medieval  times,  most  men  regarded  the  fossil  sea 
shells,  teeth,  bones,  or  leaf  imprints  that  were  discovered  in  rocks  as 
freaks  of  nature  or  the  ineffective  creative  efforts  by  some  plastic  force 
within  the  earth.  Later,  they  were  accepted  by  some  students  as  the 
actual  remains  of  life  that  existed  before  the  flood  of  Noah,  death  and 
entombment  in  the  sediments  resulting  from  the  Great  Deluge. 

More  accurate  geologic  observations  led  to  the  discovery,  about  the 
beginning  of  the  last  century,  that  the  fossils  of  a  given  bed  or  group  of 
beds  were  characteristic  of  it  and  that  there  were  persistent,  readily  dis- 
tinguishable differences  in  the  fossil  organisms  of  other  rock  layers. 
Since  strata  containing  a  multitude  of  marine  shells,  and  thus  evidently 
representing  deposits  made  in  the  sea,  were  found  far  inland  from  present 
seacoasts,  even  at  the  summits  of  mountain  ranges  like  the  Alps  and 
Apennines,  it  appeared  that  great  changes  or  catastrophes  must  have 
affected  the  seas  and  lands  of  the  past.  Thus  was  developed  the  idea 
that  from  time  to  time  in  past  earth  history  there  were  general  upheavals 
that  destroyed  existing  life,  and  following  these  there  were  new  creations 
of  somewhat  different  organisms.  The  fact  that  some  animals  and 
plants  have  persisted  with  little  or  no  change,  the  very  clear  relationship 
between  successive  natural  assemblages  of  animals  (faunas)  and  natural 
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assemblages  of  plants  (floras),  and  the  steady  advance  in  complexity  and 
specialization  of  different  forms  of  life  from  earlier  to  later  times  are 
evidences  opposing  this  view  of  catastrophic  change.  Especially  since 
Darwin7 s  time,  the  theory  that  all  existing  forms  of  life  have  descended 
with  gradual  alteration  from  successively  earlier  types  has  been  found  to 
agree  entirely  with  the  record  of  life  as  preserved  in  the  rocks.  The 
theory  of  organic  evolution  accords  also  with  the  guiding  principle  of  geol- 
ogy, which  is  that  nature's  laws  operate  uniformly  (unif ormitarianism) . 
Requisites  of  Fossilization. — Normally,  the  death  of  an  animal  or 
plant  is  followed  quickly  by  decay  which  destroys  the  tissues  and  even- 
tually obliterates  all  traces  of  the  organism.  If,  however,  the  attack  of 


FIG.  79. — A  fossil  fish  (Y<<hrasoma)  from  the  Green  River  lake  beds  of  Eocene  age,  south- 
western Wyoming. 

The  bones,  teeth,  and  fin  rays  of  the  fish  are  well  preserved,  and  the  outline  'of  the  body  is  clearly 
shown  by  carbonaceous  residue.  The  fish  lies  on  its  side  on  a  bedding  plane  of  the  shale,  and  it  has  been 
greatly  flattened  by  compaction  of  the  sediments.  (American  Museum  of  Natural  History.) 

putrefactive  bacteria  and  other  agencies  of  disintegration  is  largely  or 
entirely  prevented,  remains  of  the  organism  may  be  preserved.  Thus 
mummies  may  be  made  by  proper  embalming  and  spicing.  The  very 
dry  air  of  a  desert  or  cave  may  desiccate  and  preserve  an  animal.  In  a 
different  way,  the  same  ends  are  served  when  an  organism  is  frozen  solidly 
in  ice,  as  is  illustrated  by  rhinoceroses  and  mammoths  entombed  for 
thousands  of  years  in  the  frozen  tundras  of  northern  Siberia.  Parts  of 
these  animals  are  now  preserved  in  museums,  and  it  is  recorded  that 
the  flesh  of  one  specimen  was  eaten  by  men  and  dogs.  Various  insects, 
preserving  every  detail  of  structure  and  color,  have  been  found  in  amber, 
which  is  the  fossilized  resin  of  conifer  trees.  Covering  by  water  or  burial 
in  fine  water-saturated  sediments  does  not  ordinarily  prevent  bacterial 
decay  of  the  soft  tissues  but  commonly  results  in  preservation  of  harder 
parts. 
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Animals  like  the  jellyfish,  sea  anemone,  many  protozoans,  sponges, 
and  others  that  lack  hard  parts,  and  plants  like  the  majority  of  seaweeds, 
mosses,  lichens,  and  all  others  lacking  resistant  cell  structures  are  ill- 
adapted  for  fossilization,  because  complete  disintegration  follows  death 
very  rapidly.  Accordingly,  such  forms  of  life  are  rare  or  absent  among 

fossils. 

In  general,  then,  we  may  set  down 
two  chief  requisites  for  fossilization: 
(1)  the  organism  must  be  buried  quickly 
in  some  protecting  medium,  and  (2)  it 
must  possess  some  sort  of  hard  parts. 
Under  these  conditions,  the  hard  struc- 
tures, such  as  skeletons  and  shells, 
may  be  preserved  as  fossils. 

Environmental  Factors  in  Fossiliza- 
tion.— The  conditions  surrounding  a 
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FIG.  80  FIG.  81. 

Fio.  80. — Shells  thickly  strewn  along  a  beach  on  Chesapeake  Bay. 

Shell-bearing  organisms  are  abundant  on  many  parts  of  the  shallow  sea  bottom,  and  the  shells 
when  buried  by  sediment  may  become  fossils. 

FIG.  81. — A  fossil  fly  (Megacoamus)  from  Miocene  lake  beds  near  Florissant,  Colo. 

The  finely  laminated  sediments  consist  largely  of  volcanic  ash  that  sifted  from  the  air  and  was 
brought  by  rain  wash  and  streams  into  the  lake.  Beautifully  preserved  leaves  are  common  and  insects 
are  numerous  in  this  deposit.  The  fossil  here  shown  is  flattened  to  a  thin  film.  (T.  D.  A.  Cocker  ell, 
American  Museum  of  Natural  History.) 

living  plant  or  animal,  that  is,  its  environment,  are  significant  in  con- 
nection with  the  study  of  fossils,  (1)  because  these  conditions  indicate 
the  probability  or  improbability  of  fossilization,  and  also  (2)  because 
fossils  furnish  evidence  in  varying  degree  of  definiteness  as  to  the  environ- 
ment in  which  the  fossilized  organism  lived.  To  illustrate:  the  condi- 
tions in  a  shallow  sea  are  generally  very  favorable  for  fossilization,  and 
the  occurrence  of  fossil  shells  representing  kinds  of  animals  that  are  known 
to  live  only  in  shallow  marine  waters  furnishes  evidence  also  that  the 
sediment  containing  the  fossils  was  deposited  in  a  shallow  sea.  In  other 
words,  each  kind  of  plant  and  animal  is  best  adapted,  and  in  many  cases 
is  sharply  restricted,  to  a  certain  environment.  This  fact,  on  the  one 
hand,  affects  its  chance  to  become  a  fossil,  and,  on  the  other,  if  fossiliza- 
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tion  does  take  place,  the  remains  of  the  organism  not  merely  indicate 
former  existence  of  life  but  throw  light  on  the  surroundings  in  which  it 
lived. 


FIG.  82. — A  "bone  bed"  containing  skeletal  lomains  of  scores  of  rhinoceroses  and  other 
mammals  occurs  in  the  Miocene  deposits  of  northwestern  Nebraska.  The  upper  view 
shows  a  quarry  in  the  bone  bed  at  Agate  Springs,  Nebr.  The  lower  figure  shows  part  of  a 
slab  with  the  matrix  sufficiently  removed  to  show  the  accumulation  of  bones  as  they  occur 
in  the  bed.  (Ameiican  Museum  of  Natural  History.} 

The  chances  of  preservation  of  an  organism  as  a  fossil  are  naturally 
greatest  in  the  seas  and  oceans  because  conditions  favor  slow  disintegra- 
tion and  fairly  rapid  burial  in  the  muds  and  sands  of  the  sea  bottom. 
Generally  speaking,  marine  formations  are  abundantly  fossiliferous,  but 
because  some  parts  of  the  sea  bottom  (for  example,  areas  of  shifting  sands) 
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are  not  favorable  for  habitation,  and  because  organic  remains  may  be 
destroyed  by  scavengers,  by  pounding  of  waves,  or  in  other  ways,  not  all 
marine  strata  contain  fossils. 

On  the  lands,  best  opportunity  for  fossilization  is  found  in  lakes  and 
swamps,  but  deposits  in  these  places  are  much  more  likely  to  be  obliter- 
ated by  erosion  than  in  the  case  of  marine  formations.  Famous  fossil- 
bearing  lake  deposits  are  the  Green  River  beds  in  Wyoming  and  the 


FIG.  83.  —  Fossil  remains  of  a  duck-billed  dinosaur  (Trachodori),  one  of  the  giant  reptiles 
of  Mesozoic  time  that  lived  in  the  western  United  States. 

The  upper  figure  shows  the  skeleton  with  bones  articulated  and  covered  by  the  stretched,  dried  skin 
just  as  it  was  discovered  in  Cretaceous  sandstone.     After  death,  the  animal  was  partially  "mummified" 

"-" 


in  the  dry  air  and  buried  by  drifting  sands.     The  lower  figure  is  a 
of  part  of  the  skin.     (American  Museum  of  Natural  History.) 


close-up"  snowing  the  appearance 


Florissant  beds  in  Colorado,  both  of  Tertiary  age.  These  contain  beauti- 
fully preserved  fishes,  insects,  fresh-water  shells,  and  the  leaves  and  twigs 
of  land  plants  that  were  blown  by  winds  or  carried  to  the  lake  by  streams. 
The  plants  associated  with  peat  and  coal  beds  are  fossils  of  swamps  and 
marshes.  Some  of  these  plant  fossils  show  delicate  structures  in  wonder- 
ful perfection. 

There  are  also  fossils  of  the  rivers  and  creeks.  These  are  found  espe- 
cially in  areas  of  alluvial  deposition,  along  flood  plains,  fans,  and  basin 
fillings.  Here  occur  the  skeletal  remains  of  innumerable  large  and  small 
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animals  of  the  land  that  were  drowned,  mired,  caught  in  quicksand,  or 
otherwise  buried. 

The  tundras  of  the  far  north,  areas  of  water-soaked  ground  that  are 
soft  and  treacherous  in  the  short  season  of  relative  warmth  but  frozen 
solidly  most  of  the  time,  have  yielded  well-preserved  carcasses  of  extinct 
rhinoceros  and  mammoth,  but  comparable  fossils  of  older  geologic  time 
are  not  known. 

Deserts  are  not  thickly  inhabited,  but  fossils  are  found  rarely  in 
sandy  deposits  of  ancient  deserts.  Such  appear  to  be  the  mummy-like 
remains  of  one  of  the  Cretaceous  giant  reptiles  (dinosaurs)  found  in 
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Til—0'  814~0roS8-^f>tion  of  tho  stem  of  a  Pennsylvania!!  plant  (Hphenophyllum)  from 
I  ±Wn  ^  w?11:PrrrVeId.Ce11  struct^e.  The  original  cell  walls  were  replaced  in 
submicroscopic  partic  es  by  calcium  carbonate  during  the  process  of  fossilization  (A.  C. 
A/oe,  University  of  Chicago.) 

Wyoming,  the  dried  and  shrunken  skin  stretched  tightly  about  the 
skeleton. 

Eruptions  of  volcanic  ash  have  been  responsible  in  many  cases  for 
the  accidental  burial  of  numerous  animals  and  plants.  The  suffocated 
organisms  are  likely  to  be  preserved  as  fossils.  In  this  way  the  super- 
posed forests  of  standing  trunks  in  Yellowstone  Park  have  been  formed, 
and  also  the  many  fine  mammal  fossils  in  the  John  Day  basin  of  Oregon! 
In  somewhat  similar  fashion  the  Roman  cities  of  Pompeii  and  Hercula- 
neum  were  buried  and  preserved  under  volcanic  materials  from  Mount 
Vesuvius  Volcanic  ash  may  sink  down  in  lakes  or  in  the  sea  and  smother 
aquatic  life,  leading  to  the  formation  of  fossils. 

Modes  of  Preservation.—  The  hard  parts  of  an  animal  or  the  woody 
tissues  of  a  plant  may,  under  proper  conditions,  be  preserved  unaltered 
in  the  sediments  that  bury  them.  In  the  majority  of  cases,  however, 
especially  in  all  older  fossils,  important  changes  have  occurred.  Shells 
composed  of  calcium  carbonate  may  be  made  more  dense  by  infiltration 
of  calcite  deposited  by  ground  water,  and  in  some  cases,  as  commonly 
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among  echinoderms,  there  is  a  crystallization  that  develops  the  cleavage 
and  all  other  properties  of  the  mineral  calcite.  Replacement  of  the 
original  hard  parts  by  some  other  mineral,  in  submicroscopic  particles, 
may  result  from  substances  dissolved  in  ground  waters.  Thus,  replace- 
ment by  calcium  carbonate  is  termed  calcification;  by  silica,  silicification; 
and  by  iron  pyrite,  pyritization.  Less  commonly,  other  minerals  may 
form  the  replacing  substance.  In  all  cases  of  replacement  particle  by 

particle,  the  microscopic  structures  of 
the  hard  parts  are  preserved,  though 
chemical  composition  is  altered.  In 
the  case  of  many  plants  and  a  few 
animals,  slow  decay  under  water  results 
in  concentration  of  carbon,  and  the 
fossil  consists  of  a  film  of  carbon  show- 
ing more  or  less  distinctly  the  form  and 
structure  of  the  original  tissues.  This 
is  termed  carbonization. 

After  burial  in  sediments,  the  hard 
parts  of  an  organism  may  be  removed 
completely  by  solution,  leaving  merely 
the  mold  of  its  form  in  the  surround- 
ing rock.  In  cases  where  the  enclosing 
sediment  is  only  partially  consolidated, 
the  cavity  of  the  mold  may  be  closed 
by  pressure.  Commonly,  however,  the 
mold  is  not  squeezed  together  and, 
when  changing  conditions  result  in  the 
filling  of  fossil  molds  by  some  foreign 
mineral  substance,  this  filling,  just  like 
metal  poured  into  a  foundry  mold, 
may  be  termed  a  cast.  Fossils  are 
most  commonly  preserved  as  molds  in 
(Charles  sandstones  and  dolomites.  It  is  inter- 
esting to  observe  that  many  cal- 
careous shells,  including  especially  those  of  the  mollusks,  are  composed 
largely  of  the  mineral  aragonite,  which  is  very  readily  soluble,  while 
others,  such  as  belong  to  most  of  the  brachiopods  and  bryozoans,  are 
composed  of  calcite,  which  is  much  less  readily  soluble.  Therefore,  in 
many  instances  the  aragonite  shell  substance  is  preserved  as  a  replace- 
ment or  has  been  removed  entirely,  leaving  a  mold,  while  the  calcite 
shells  are  essentially  unaltered. 

Color  ornamentation,  which  adds  interest  to  collections  of  modern 
shells,  is  mostly  lost  in  the  process  of  fossilization.  Occasionally,  how- 
ever, indication  of  pigmentation  is  preserved  in  dark  markings  on  parts 


FIG.  85. — Portion  of  a  fossil  fern 
(Neuropteris)  from  Lower  Pennsylva- 
nian  rocks  of  Alabama. 

The  outline  and  the  vein  pattern  of  the 
leaflets    are    clearly    impressed   in    the    fine- 
grained rock,  and  there  is  also  a  carbonaceous 
residue  of  the  original  plant  matter. 
Butts,  Alabama  GeoL  Survey.) 
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of  the  fossil.  Thus,  by  the  nature  of  color  distribution,  it  is  possible  to 
determine  the  proper  orientation  of  the  chambered  tube  of  the  straight- 
shelled  cephalopod  Orthoceras.  Traces  of  coloration  are  most  commonly 
found  among  gastropods. 

Indirect  evidence  of  the  existence  of  organisms  is  not  uncommon. 
Among  these  may  be  mentioned  the  fossil  tracks  of  land  animals,  the 


FIG.  86. — Fossil  molds  of  some  Mesozoie  shells  in  fine-grained  sandstone. 
The  original  shell  substance  has  been  removed  by  solution,  leaving  only  external  and  internal  impres- 
ts to  show  the  form  of  the  shells.     At  the  right  and  upper  left  are  casts  made  by  squeezing  a  plastic 


substance  into  some  of  these  molds 


(V.  S.  National  Museum.) 


trails  or  borings  of  worms  and  other  invertebrates,  and  coprolites  (fossil 
excrement).  The  gizzard  stones  of  certain  ancient  reptiles  which  may 
be  identified  by  their  form,  surface  polish,  and  manner  of  occurrence  in 
rocks,  and  the  stone  implements  or  weapons  of  prehistoric  man  may  also 
be  regarded  as  indirect  fossils. 


JTIO  gy — Tracks  of  a  Permian  amphibian  from  the  Coconino  sandstone,  Grand  Canyon 
of  the  Colorado,  Arizona.  This  specimen  is  really  a  "negative"  of  the  footprints,  being 
the  under  side  of  the  slab  that  covers  the  original  track-marked  sand.  (C.  W.  Gilmore, 
U.  S.  National  Museum.) 

Compaction  of  sediments  by  the  weight  of  overlying  rocks  is  likely 
to  produce  a  flattening  of  the  contained  fossils,  and  this  is  especially  note- 
worthy in  shale,  one  of  the  most  highly  compactible  types  of  sediment. 
Other  pressures,  such  as  those  to  which  mountain  uplifts  and  regional 
metamorphism  are  due,  may  distort  or  even  obliterate  fossils  contained 
in  the  sediments. 
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Index  Fossils. — In  varying  degree,  practically  all  fossils  afford  indica- 
tion of  the  geologic  age  to  which  they  belong.  Some  kinds,  however, 
persisted  essentially  unchanged  for  a  very  long  time,  while  others  were 
very  short-lived.  Among  the  brachiopods,  Leptaena  rhomboidalis  (or 
its  almost  indistinguishable  allies)  ranges  from  Ordovician  to  basal 
Mississippian  strata,  but  Hypothyridina  cuboides  is  restricted  to  a  single 
horizon  at  the  beginning  of  the  Upper  Devonian.  In  precise  correlation 
of  fossil-bearing  strata  it  is  important  to  recognize  and  differentiate  species 
that  appear  only  in  a  given  bed,  or  a  short  succession  of  beds,  for  the 

occurrence  of  the  same  species  else- 
where points  to  equivalence  in  age  of 
the  containing  strata.  Such  fossils 
may  be  termed  index  fossils.  In 
general,  a  fossil  species  is  the  best 
index  of  geological  time  if  it  is  (1) 
restricted  to  a  narrow  vertical  range, 

(2)  widely    distributed    horizontally, 

(3)  abundant,  and   (4)   distinctive  in 
character,  so  as  to  permit  ready  and 
definite  identification. 

Completeness  of  the  Fossil  Record. 
The  conditions  affecting  fossilization 
that  have  been  described  make  evident 
the  conclusion  that  only  a  small  part 
of  organisms  existing  at  any  one  time 
are  likely  to  be  preserved  as  fossils. 
This  is  especially  true  of  life  on  the 
land.  Of  the  organisms  that  have  hard 
parts  and  are  quickly  buried,  a  large 
number  are  likely  to  be  destroyed  by 
action  of  dissolving  ground  waters,  by  metamorphism,  or  by  erosion 
of  the  containing  sediments.  It  is  obvious,  further,  that  only  an 
insignificant  portion  of  the  fossils  that  have  been  preserved  are 
accessible  to  man,  for  many  are  buried  hundreds  or  thousands 
of  feet  below  the  earth's  surface  or  beneath  the  sea.  As  regards 
fossiliferous  formations  that  occur  at  the  surface,  the  nearly  complete 
cover  of  soil  and  vegetation  or,  in  places,  of  glacial  drift  largely  conceals 
the  stratified  rocks,  and  in  exposures  where  fossils  may  be  found,  only  a 
small  portion  can  have  been  collected.  These  considerations  lead  us  to 
the  conclusion  that  knowledge  of  ancient  life  must  be  exceedingly  incom- 
plete, and  in  a  sense  that  is  true.  As  Huxley  has  said, "  many  paragraphs, 
some  chapters,  and  a  few  whole  volumes  are  missing  from  the  record  of 
life  on  the  earth." 


FIG.  88. — Trails  of  crustaceans  called 
trilobites  from  Upper  Cambrian  sand- 
stone, New  York.  (C.  D.  Walcott.} 
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In  spite  of  all  these  conditions  that  contribute  to  a  fragmentary  record 
of  life,  the  fossils  known  to  science  are  well  distributed  among  the  differ- 
ent classes  of  organisms.  Practically  all  of  those  that  have  hard  parts 


leptaena  rhomboidalis (Ordo-Miss)       Atrypa  reticularis  (Silr Dev.)       Hypothyridina  cuboides(baseU  Oev.) 

FIG.  89. — The  brachiopod  Leptaena  rhomboidalis  existed  practically  unchanged  from 
middle  Ordovician  to  early  Mississippian  time  and  in  many  formations  deposited  during 
this  long  interval  it  is  common.  Atrypa  reticularis  is  another  "Methuselah"  among 
brachiopods.  Hypothyridina  cuboides,  on  the  other  hand,  is  narrowly  restricted  to  basal 
strata  of  the  Upper  Devonian,  and  it  is  a  good  "index  fossil"  of  this  horizon.  (Winifred 
Goldring,  New  York  State  Museum.} 

and  a  few  that  do  not,  are  represented  by  fossil  remains.     There  are 
several  "missing  links"  connecting  groups  that  are  now  very  unlike  and 


FIG.  90. — A  cluster  of  Devonian  trilobites  (Phacops),  an  extinct  type  of  marine  crus- 
tacean that  was  abundant  in  much  of  Paleozoic  time.  The  rock  matrix  has  been  partly 
cut  away  so  as  to  reveal  the  fossils.  (U.  S.  National  Museum.) 

showing  clearly  in  these  cases  how  evolutionary  changes  have  progressed. 
In  the  aggregate,  a  remarkably  clear  picture  of  the  gradual  development 
of  life  is  available  to  us. 
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KINDS  OF  PLANTS  AND  ANIMALS 

Nearly  a  million  different  kinds  of  living  plants  and  animals  have 
been  observed  and  described  by  man,  and  the  number  of  known  fossil 
types  exceeds  100,000.  In  variety  of  form  and  complexity  of  structural 
organization,  the  kinds  of  life  range  from  microscopic  one-celled  organ- 
isms of  varied  form,  like  the  bacteria  and  protozoa,  to  the  most  highly 
specialized  flowering  plants  and  to  man.  It  is  not  possible  or  necessary 
for  us  to  consider  exhaustively  this  voluminous  record  of  life,  but,  in 
order  to  understand  the  general  course  of  its  development  and  to  grasp 


FIG.  91.— Dinosaur  skeleton  partly  excavated  but  still  in  place  where  it  was  discovered 
Belly  River  (Cretaceous)  beds  of  Alberta,  Canada.  (American  Museum  of  Natural 
History.} 

the  evolutionary  significance  of  distinctive  life  forms  that  are  known  from 
each  part  of  geologic  time,  we  must  know  the  outstanding  characters  of 
the  main  groups  of  plants  and  animals.  These  will  be  taken  up  briefly 
in  connection  with  our  survey  of  the  main  forms  of  life  in  the  major  divi- 
sions of  geologic  time. 

Classification  of  Organisms. — Prior  to  the  time  of  Linnaeus,  whose 
epoch-making  work  Systema  Naturae  appeared  in  the  year  1735,  the 
comparatively  small  number  of  described  animals  and  plants  was 
designated  either  by  some  simple  common  name  or,  in  many  cases,  by  a 
long  and  cumbersome  descriptive  title.  Linnaeus  introduced  tfye 
binomial  nomenclature  which  now  has  universal  scientific  use.  The 
group  (genus)  to  which  an  animal  or  plant  belongs  is  designated  by 
the  first  name,  generally  derived  from  the  Greek,  and  the  individual  kind 
(species)  bv  the  second  name,  generallv  derived  from  the  Latin.  Felts 
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doniesticus,  the  common  cat;  Felix  leo,  the  lion;  Felis  concolor,  the  puma, 
and  a  number  of  others  are  all  species  of  the  genus  of  cats.  Obviously 
they  are  all  closely  related  to  one  another.  Smilodon  and  Hoplophoneus 
are  extinct  genera  of  cats  characterized  by  unusually  elongated  saber- 
like  canine  teeth,  and  differing  in  other  respects  from  modern  Felis,  but 
we  group  together  all  of  the  cats  in  the  family  Felidae.  Thus,  in  ascend- 
ing scale  of  comprehensiveness,  there  are  species,  genus,  family,  order, 
class,  phylum,  and  kingdom.  All  animals  and  plants  may  be  classified 
according  to  this  plan,  but,  because  of 
differences  in  knowledge  or  judgment  as  to 
the  relationship  and  points  of  difference  bet  ween 
organisms,  there  is  by  no  means  complete 
accord  among  biologists  on  the  subject  of 
classification. 

A  species  is  actually  not  a  fixed  and  definite 
thing,  ordered  for  man's  convenience  in  pi- 
geonholing the  forms  of  life.  Under  man's  own 
control,  remarkable  changes  have  been  effected 
in  many  kinds  of  plants  and  animals.  Differ- 
ences in  environment  or  geographic  isolation 
may  produce  very  marked  alteration  in  the 
character  of  species,  and  yet  completely 
intergrading  types  often  may  be  found.  FlG>  92._Kari  von  Zittei, 
Innumerable  examples  of  gradual  but  distinct  author  of  the  great  work 
change  in  form  and  structure  with  lapse  of  time 
are  furnished  by  the  records  of  fossils  in 
successively  superposed  beds.  Thus  it  may  be  difficult  to  decide  what 
should  be  regarded  as  the  limiting  characters  of  a  species.  Because  it  is 
very  important  to  the  paleontologist  to  recognize,  if  possible,  every  dis- 
tinction between  the  forms  of  life  that  are  preserved  as  fossils  in  each 
formation,  there  is  a  growing  tendency  to  regard  as  distinct  species  each 
type  of  organism  that  shows  persistent  recognizable  differences,  even 
though  in  some  cases  the  distinctions  are  not  very  great.  Some 
authors  use  the  term  varieties  for  these  lesser  differences  in  form  that 
are  presumably  connected  by  intergradation.  While  it  is  recognized 
that  there  is  a  certain  measure  of  unavoidable  artificiality  in  any 
system  of  classification,  it  is  most  important  to  realize  that  life  on  the 
earth  has  been  continuously  changing  more  or  less  slowly,  and  that 
present  plants  and  animals  represent  simply  the  end  products  of  all  this 
change. 

The  main  plan  of  organization  of  the  plant  and  animal  kingdoms, 
omitting  certain  divisions  that  are  unimportant  as  fossils,  is  represented 
in  the  following  tabular  outline.  Divisions  that  are  extinct  are  marked 
by  an  asterisk  (*). 
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MAIN  DIVISIONS  OF  THE  PLANT  AND  ANIMAL  KINGDOMS 
Plants 

Thattophyta,  cellular  tissue  plants  without  distinction  of  root,  stem,  or  leaf. 

Schizophyta,  one-celled  plants,  bacteria. 

Algae,  seaweeds,  diatoms. 

Fungi,  mushrooms,  molds.     No  importance  as  fossils. 
Bryophyta,  plants  with  leafy  stems,  the  mosses  and  liverworts.     No  importance  as 

fossils. 

Pteridophyta,  plants  with  root,  leaf,  and  woody-fiber  stem,  the  ferns. 
Arthrophyta,  plants  with  jointed  stem,  allied  to  ferns,  the  horsetails,  calamites. 
Lepidophyta,  plants  with  soalelike  leaves,   allied  to  ferns,  the  club  mosses,  lepido- 

dendrons,  sigillarias. 

*Pteridospermophyta,  the  extinct  sood  forns. 
Cycadophyta,  cycads.' 

Coniferophyta,  conifers  like  the  pine  and  spruce,  and  the  fossil  cordaites. 
Angiospermophyta,  all  flowering  plants. 

A  nimals 

Protozoa,  one-celled  animals. 

Foraminifera,  mostly  calcareous,  in  part  arenaceous  shelled  protozoans. 
Radiolaria,  mostly  siliceous  shelled. 

Porifera,  the  sponges,  body  wall  porous,  many  with  calcareous  or  siliceous  skeleton. 
Coelenterala,  body  cavity  serving  to  carry  on  all  vital  functions. 
Hydrozoa,  small,  body  cavity  without  radial  partitions. 

*Stromatoporoidea,  colonial,  secreting  massive  laminated  base. 

*Graptolitoidea,  delicate  stemlike  growths  along  which  the  individuals  are  arranged 

in  series  (possibly  may  belong  with  bryozoans). 
Anthozoa,  the  corals,  body  cavity  divided  by  radial  partitions. 
Echtnoderma,  spiny-skinned  animals. 
Pelmatozoa,  stemmed  echinoderms. 

*Cystoidea,  bladder-like  form,  plates  irregularly  arranged. 
*Blastoidea,  small,  symmetrical,  budlike. 

Crinoidea,  calyx  composed  of  regularly  arranged  plates,  arms  free. 
Asterozoa,  starfishes,  brittle  stars. 
Echinozoa,  sea  urchins,  holothurians. 
Vermes,  worms,  generally  unimportant  as  fossils. 
ftryozoa,  minute  colonial  animals  that  secrete  a  variety  of  beautiful  and  delicate 

calcareous  skeletons. 
Brachiopoda,  bivalves  in  which  one  shell  is  iSrger  than  the  other,  and,  typically,  each 

bilaterally  symmetrical. 

Mollusca,  soft-bodied  invertebrates,  highly  developed. 
Pelecypoda,  bivalves  in  which  the  two  shells  are  the  same  in  size,  and  generally 

symmetrical  one  to  the  other. 

Gastropoda,  a  single  cap-shaped  or  spirally  coiled  shell,  undivided. 
Cephalopoda,  straight  or  spirally  coiled  shell  divided  into  numerous  chambers,  or 

shell  solid,  internal. 
Irthropoda,  segmented  animals,  typically  with  a  pair  of  jointed  appendages  to  each 

segment. 

Branchiata,  gills  developed  in  connection  with  the  appendages. 
Crustacea,  mostly  aquatic,  with  antennae. 

*Trilobita,  primitive  marine  Crustacea  with  a  longitudinally  three-lobed  shell. 
Ostracoda,  small,  bivalved  Crustacea. 
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Malacostraca,  crabs,  lobsters. 
Arachnida,  mostly  air  breathers,  without  antennae. 

Merostomata,  horseshoe  crabs,  eurypterids. 

Euarachnida,  scorpions,  spiders. 
Insecta,  insects. 

Vertebrata,  animals  with  a  notochord  or  backbone. 
Pisces,  the  fishes. 

*0stracodermi,    primitive    fishes    with    more   or  less  prominent  external  bony 

covering,  ostracoderms,  cyclostomes. 
Selachii,  sharks. 
Osteichthyes,  bony  fishes. 

Dipneusti,  lungfishes. 

Crossopterygii,  fishes  having  fins  with  a  central  fleshy  lobe. 

Actinopterygii,  ray-finned  fishes. 
Amphibia,    cold-blooded    animals    with    limbs    and    with    metamorphosis    from 

water-  to  air-breathing,  salamanders,  frogs,  etc. 
Reptilia,  cold-blooded  animals,  air-breathing. 
Cotylosauria,  primitive  land  reptiles. 
Squamata,  lizards,  snakes,  and  extinct  aquatic  reptiles. 
*Ichthyosauria,  short-necked,  aquatic  reptiles. 
*Sauropterygia,  long-necked,  aquatic  reptiles. 

*Theromorpha,  primitive  forms  that  may  include  ancestral  stock  of  mammals. 
Chelonia,  turtles. 

Crocodilia,  crocodiles,  alligators,  etc. 

*Saurischia,  a  great  group  of  lizard-like  reptiles,  dinosaurs. 
*0rnithischia,  another  group  of  dinosaurs. 
*Pterosauria,  flying  reptiles. 
Aves,  the  birds. 

Mammalia,  the  mammals,  warm-blooded,  suckle  the  young. 
Prototheria,  egg-laying  mammals. 

Metatheria,  young  born  immature  and  carried  in  a  pouch. 
Eutheria,  young  well-developed  before  birth. 

Insectivora,  insect  eaters. 

Chiroptera,  bats. 

Carnivora,  flesh  eaters. 

Rodentia,  gnawing  mammals. 

Edentata,  sloths,  armadillos. 

Artiodactyla,  even-toed  mammals,  sheep,  cattle,  swine. 

Perissodactyla,  odd-toed  mammals,  horses,  rhinoceroses. 

Proboscidea,  elephants. 

Sirenia,  sea  cows,  manatees. 

Cetacea,  whales,  dophins. 

Primates,  mammals  with  nails,  apes,  monkeys,  man. 

SUMMARY 

Fossils  are  the  remains  or  traces  of  animals  or  plants  preserved  in  the 
rocks.  Such  preservation  is  commonly  dependent  on  quick  burial  of  the 
organism  in  a  protecting  medium,  and  on  the  presence  of  some  sort  of 
hard  parts  in  the  organism.  The  hard  parts  may  be  preserved  with 
little  or  no  alteration,  or  they  may  be  chemically  changed  without  destroy- 
ing microscopic  structure.  Replacement  of  original  substances  by  cal- 
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cium  carbonate  is  termed  calcification;  by  silica,  silicification;  by  iron 
pyrite,  pyritization.  Residual  concentration  of  carbon  is  termed  car- 
bonization. Removal  of  hard  parts  by  solution  leaves  an  impression  in 
the  sediment  that  is  called  a  mold,  and  the  filling  of  the  cavity  enclosed 
by  a  mold  produces  a  cast.  Fossils  may  be  distorted  by  pressure. 

An  index  fossil,  as  commonly  defined,  is  one  that  has  a  comparatively 
small  vertical  range,  a  wide  geographic  distribution,  abundance,  and  dis- 
tinctive characters  that  permit  definite  identification.  Such  fossils  are 
valuable  " markers"  of  the  geologic  horizons  in  which  they  occur. 

Animals  and  plants  are  designated  scientifically  according  to  a  system 
of  binomial  nomenclature.  There  are  classificatory  divisions  of  varying 
degree  of  comprehensiveness :  in  ascending  order,  the  chief  ones  are  species, 
penus,  family,  order,  class,  phylum,  and  kingdom. 


CHAPTER  XV 

LIFE  OF  EARLY  PALEOZOIC  TIME 
THE  AGE  OF  INVERTEBRATES 

The  Paleozoic  rocks  are  the  oldest  that  contain  abundant  evidences  of 
life.  Because  remains  of  this  life  form  an  essential  part  of  the  geologic 
record,  and  because  the  character  of  the  life  of  these  remotely  ancient 
times  has  much  intrinsic  interest,  we  must  study  the  classes  of  organisms 
that  are  represented  by  fossils  in  the  Early  Paleozoic  strata.  We  shall 
also  note  the  main  characteristics  of  life  during  the  successive  periods 
in  the  era. 

PLANTS  OF  EARLY  PALEOZOIC  TIME 

That  plant  life  was  fairly  abundant  during  the  early  part  of  Paleozoic 
time  is  a  safe  presumption  because  of  (1)  the  prolific  fossil  remains  of 
animals,  all  of  which  are  directly  or  indirectly 
dependent  on  plants  for  food,  (2)  the  appearance 
of  highly  organized  plant  remains  in  the  Devo- 
nian and  later  Paleozoic  rocks,  and  (3)  the 
widespread  prevalence  of  fossils,  regarded  as 
calcareous  algae.  It  may  be  remembered,  also, 
that  there  are  numerous  fossil  algae  in  some  of 
the  Proterozoic  formations.  The  dark  color  of 
some  of  the  Early  Paleozoic  sedimentary  deposits 
may  be  due  to  carbon  derived  from  plants. 
Bacteria,  which  are  assigned  an  important  role 
as  precipitating  agents  of  calcium  carbonate,  FI(J  93_A  filamentous 
may  have  contributed  importantly  to  accumula-  blue-green  alga  (X  2)  from 
tion  of  the  thousands  of  feet  of  calcareous  ft^Xk  S,leBriu7h~ 
strata  which  were  made  in  Cambrian,  Ordovician,  Columbia.  (C.  D.  Waicott.) 
and  Silurian  time. 

Marine  Plants. — The  only  certainly  known  plants  from  the  Early 
Paleozoic  part  of  earth  history  are  seaweeds  (algae).  Some  of  the  most 
interesting  of  these  are  the  remarkably  preserved  specimens  of  gelatinous 
and  membranous  algae  that  appear  as  shiny  black  films  on  bedding  planes 
of  a  Middle  Cambrian  shale  (Burgess)  in  British  Columbia.  No  fruiting 
organs  are  found  and  the  cellular  structure  is  only  rarely  shown,  so  that 
exact  comparison  with  living  algae  cannot  be  made.  On  the  basis  of 
form  and  mode  of  growth,  C.  D.  Walcott,  who  discovered  the  fossils, 
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FIG.  94. Slab  of  Upper  Cambrian  (Ozarkian)  limestone  from  Saratoga  Springs,  N.  Y., 

showing  the  concentrically  laminated  growth  of  the  fossil  marine  alga,  Cryptozoon.     (Photo- 
graph by  Walter  E.  Corbin.  Florence,  Mass.,  of  specimen  in  Amherst  College  Museum.) 


Fio.  95.— A  large  calcareous  algal  mass  in  the  Wilberns  formation,  Upper  Cambrian,  near 

Llano,  central  Texas. 

The  size  of  the  algal  maaa  may  be  compared  with  that  of  the  treea  on  the  river  bank.     (A.  H.  Deen, 
University  of  Texas.) 
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has  distinguished  20  species.  Since  none  of  these  algae  shows  a  point  of 
attachment,  it  is  assumed  that  they  were  floating  forms. 

Lime-secreting  algae  (Cryptozoon)  are  especially  abundant  and  charac- 
teristic of  some  of  the  Ozarkian  formations.  The  algal  remains  consist 
of  calcareous  masses  that  are  varied  in  size  and  irregularly  rounded  in 
shape.  They  show  a  finely  laminated  concentric  structure  closely  resem- 
bling that  of  some  modern  blue-green  algae.  Other  types  of  algae  are 
found  in  Ordovician  and  Silurian  beds. 

Land  Plants. — Although*  no  land  plants  are  known  before  Devonian 
time,  it  is  probable  that  the  beginning  of  adaptation  to  life  on  the  lands 
occurred  very  much  earlier.  This  is  indicated  especially  by  the  high 
degree  of  advancement  and  specialization  of  the  land  plants  that  are 
encountered  in  the  Devonian.  When  one  remembers  the  unfavorable 
situation  of  land  vegetation  as  regards  speedy  burial,  and  all  the  other 
factors  that  make  preservation  unlikely,  it  is  not  surprising  that  the 
record  of  Early  Paleozoic  land  plants  is  a  blank.  Moreover,  the  known 
deposits  of  this  time  are  almost  wholly  marine. 

ANIMALS  OF  EARLY  PALEOZOIC  TIME 
^    Protozoans 

The  most  primitive  and  simple  animals,  the  protozoans,  consist  of  a 
single  cell  in  which  are  performed  all  the  various  function  of  life,  such  as 
assimilation  of  food,  excretion,  respiration,  reaction  to  external  stimuli, 
and  reproduction.  The  protozoans  are  exceedingly  varied,  but  only  two 
classes,  (1)  Foraminifera  and  (2)  Radiolaria,  secrete  hard  parts  that  are 
capable  of  preservation  as  fossils.  The  vast  majority  of  protozoans  are 
aquatic,  and  almost  all  of  the  shelled  forms  live  in  the  sea.  We  might 
suppose  that  the  oldest  fossil-bearing  beds  would  be  especially  charac- 
terized by  prominence  of  these  simple  organisms,  but,  on  the  contrary, 
fossil  protozoans  are  rare  in  older  Paleozoic  strata.  This  may  be  due 
partly  to  conditions  unfavorable  for  preservation  of  these  minute  delicate 
structures,  but  more  probably  the  scanty  fossil  records  mean  that  most 
of  the  early  protozoans  lacked  hard  parts.  Excepting  a  few  poorly 
preserved  specimens  from  Upper  Cambrian  rocks  of  England,  no  fossil 
Foraminifera  were  known  from  .Early  Paleozoic  rocks  ^until  recently 
(1930)  when  W.  L.  Moreman  reported  the  discovery  of  30  species  of 
sandy-shelled  forms  from  Ordovician  and  Silurian  limestones  in  Okla- 
homa. A  number  of  additional  kinds  have  been  found  subsequently. 
/Foraminifera  are  the  most  important  shell-bearing  protozoans.  Their 
shell  or  test,  composed  of  calcium  carbonate  or  sand  grains  cemented  by 
calcium  carbonate,  iron  oxide,  or  a  complex  organic  compound  known  as 
chitin,  is  perforated  by  one  or  more  minute  openings  (foramina).  The 
simplest  types  consist  of  a  single  globular  or  vaselike  chamber  with  a 
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rounded  aperture,  which  in  some  cases  is  located  at  the  end  of  a  projecting 
neck.  A  more  advanced  type  consists  of  an  initial  chamber  surrounded 
spirally  by  a  long  undivided  tube.  In  still  more  complex  shells  there  are 


Radiolaria 


Foraminifera 


FIG.  96. — Drawings  showing  typical  examples  of  shell-bearing  protozoans.     Much  enlarged. 
(Winifred  Goldring,  New  York  State  Museum.) 

several  chambers  arranged  spirally,  in  a  straight  line,  or  coil,  or  in  two 
or  more  rows. 


Lagenamtnina        Sorosphaera          Ammodiscus 

Fia.  97.— Three  types  of  Silurian  foraminifera  from  Oklahoma.     (After  W.  L.  Moreman.) 

Radiolaria  secrete  a  very  delicate  and  beautiful  skeleton,  in  most 
eases  composed  of  silica.  These  organisms,  whose  accumulated  remains 
in  the  deeper  parts  of  present  seas  form  radiolarian  ooze,  have  been 
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reported  from  pre-Cambrian  rocks,  but  they  are  not  definitely  identified 
in  Early  Paleozoic  faunas. 

Sponges 

Structure  and  Characteristics  of 
Sponges. — The  sponges  (Porifera), 
together  with  all  higher  types  of  ani- 
mals, are  distinguished  from  protozoans 
by  the  fact  that  the  body  is  composed 
of  many  cells  which  differ  in  function 
and  are  mutually  interdependent. 
Accordingly,  animals  above  the  rank  of 
the  protozoans  are  sometimes  grouped  FlG<  98.-Diagrammatic  8oction  of  a 

Under  the  name  Metazoa.  simple    sponge   showing    canal    system, 

T         .        !      ,    r  ,,  .  central    cavity,    and   vent   at   the   top. 

In  simplest  form,  the  sponge  is  a  At  right>  a  few  type8  of  8iliceou8  8ponge 

hollow,  globular  Or  Cylindrical  Structure    spicules,      much      enlarged.      (Winifred 
..,         ,  .  ,    ,1       ,  rr<i        Goldring,  New  York  State  Museum.) 

with  a  large  opening  at  the  top.     1  he 

body  walls  are  pierced  by  numerous  small  openings.     These  passageways 

are  lined  by  cells  provided  with  mobile,  hairlike  appendages  which  by  a 


FKJ.  99.     Some  typos  of  Early  Paleozoic  fossil  sponges. 

rhythmic  motion  produce  gentle  water  currents  toward  the  interior  cavity 
of  the  animal,  and  thence  outward  by  the  large  vent  at  the  top.  There  is 
wide  variation  in  the  shape  and  size  of  different  species  of  sponges  and. 
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through  development  of  buds  and  branches,  there  may  be  much  difference 
in  the  form  of  individuals  of  the  same  species.  The  sponges  are  aquatic 
creatures,  mostly  marine.  Some  of  them  have  no  hard  parts  and  are  there- 
fore not  capable  of  fossilization.  Two  classes,  however,  one  with  a  sili- 
ceous, the  other  with  a  calcareous,  skeleton  occur  as  fossils.  In  some  of 
these  sponges  the  hard  parts  consist  of  small,  unconnected  elements  (spi- 
cules)  which  are  embedded  in  the  walls,  and  when  the  animal  dies  these  are 
released  by  decay  of  the  soft  tissues.  The  form  of  the  animal  as  a  whole 
is  lost.  In  others,  the  spicules  are  knit  together  so  as  to  preserve  the 
general  form  of  the  sponge  or  colony  of  sponges,  and  these  are  naturally 
much  more  interesting  and  important  fossils. 

Early  Paleozoic  Sponges. — Among  Cambrian  fossils  the  siliceous  sponges  are  well 
represented  by  several  types,  including  many  with  a  delicate  netlike  skeleton  that 
resembles  the  modern  glass  sponge  known  as  Venus'  flower  basket. 

Sponges  were  common  in  Ordovician  times  and  many  of  them  are  valuable  index 
fossils.  One  of  the  most  important  types,  which,  however,  may  possibly  represent 
an  entirely  distinct  class  of  organisms,  is  called  Receptaculites.  This  has  regularly 
arranged  chamberlets,  which  in  the  basal  portion  suggest  the  large  center  of  a  sun- 
flower. It  is  a  characteristic  fossil  of  some  of  the  mid-Ordovician  (Trenton) 

formations. 

Tlu>  Silurian  rocks  contain  a  somewhat  similar  genus 
(Ischadites),  and  in  addition  there  are  large  numbers  of 
apple-shaped  (Astylospongia)  and  saucer-like  (Astraeo- 
xpongia)  siliceous  sponges  in  some  beds.  At  certain 
places  in  Tennessee,  sponges  weather  out  of  the  rocks 
in  greatest  profusion  and  may  be  gathered  by  the 
bushel. 

Hydrozoans 

General  Character. — Hydrozoans  are  aqua- 
tic, mostly  marine  animals  of  small  size,  some- 
what more  highly  organized  than  the  sponges. 
They  are  commonly  colonial  and  some  of  them 
build  a  considerable  skeletal  deposit  of  calcium 
carbonate.  The  individual  animal  (polyp) 
consists  of  a  cylindrical  tube  composed  of  two 
cell  layers.  It  is  attached  at  its  base  and 
bears  at  the  free  end  a  ring  of  tentacles  sur- 
Museum  rounding  the  so-called  mouth,  which  serves  also 
as  vent  for  the  discharge  of  waste  from  the 
primitive  digestive  cavity.  This  cavity  comprises  the  entire  space 
enclosed  by  the  body  walls,  a  feature  that,  including  the  corals,  distin- 
guishes the  phylum  Coelenterata.  The  hydrozoan  colony  grows  by 
asexual  budding  of  new  polyps,  forming  a  delicate  branching  frond,  or, 
where  the  buds  arise  from  a  basal  expansion,  a  mosslike  felt.  In  many 


largcd.      (American 
of  Natural  History.) 
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cases,  the  latter  secretes  \\  druse  enle.jireous  deposit  at  the  bnse  (hydro- 
corallines,  stromatoporoids). 

Some  of  the  hydrozoan  buds  in  each  colony  are  very  different  from 
those  that  have  been  described,  for  they  develop  into  umbrella-like  jelly- 
fish or  medusae  that  break  away  and  are  free-swimming.  The  medusae 
reproduce  sexually,  forming  the  vegetative,  attached  polyps  or  other 
medusae.  There  is  thus  an  alternation  of  generation.  Medusae  are  not, 
adapted  for  fossilization  since  they  have  no  hard  parts,  but  under  excep- 
tional conditions,  as  in  the  Middle  Cambrian  Burgess  shale  of  British 
Columbia,  clearly  identifiable  impressions  of  these  delicate  organisms 
have  been  discovered. 

Stromatoporoids  deposit  large  masses  of  calcium  carbonate  in  succes- 
sive thin  layers  separated  by  low  rods  or  pillars.  Distinctive  surface 


FIG.    101. — A    stromatoporoid    (Stromatocerium)    from    (Jrelovioian    rocks    of    Tennessee. 
(/?.  »S.  Basslcr,  Tennessee  Geol    Purvey.} 

features,  such  as  hummocky  elevations  with  a  large  central  pore  and 
radiating  grooves,  may  be  present. 

Stromatoporoids  flourished  during  parts  of  Paleozoic  time  when  they  were  of 
importance  as  rock  builders.  The  principal  representatives  of  this  class  in  the 
Ordovician  period  are  columnar  growths  with  external  fluting  (Beatricea),  rounded, 
hemispherical  growths  (Stromatocerium),  and  flat  expanding  forms  (Labechia) .  The 
Silurian  species  are  mainly  large  irregularly  laminated  masses  in  which  the  vertical 
pillars  extend  only  between  the  layers,  rather  than  continuously  across  several  layers 
(Clathrodictyon  type).  There  are  17  described  stromatoporoid  species  in  the  Ordo- 
vician of  America,  about  70  in  the  Silurian,  and  a  still  larger  number  in  the  Devonian. 

Graptolites. — A  very  interesting  group  of  fossils,  known  only  from 
the  Paleozoic  rocks  and  almost  entirely  restricted  to  the  Ordovician  and 
Silurian,  is  the  graptolites.1  These  are  colonial  growths  in  which  the 
rows  of  tiny  cups  that  housed  the  polyps  were  composed  of  resistant  out 
flexible  chitin.  The  fossils  appear  almost  exclusively  as  flattened 
carbonaceous  films  on  the  bedding  planes  of  black  shales.  Graptolite 
remains  are  extraordinarily  abundant  in  some  of  these  shales,  while  other 
kinds  of  organisms  are  often  very  scanty.  Occasionally  they  occur  in 
limestone.  Accurate  correlation  of  graptolite-bearing  deposits,  even  on 

1  According  to  Ruedemann  and  Ulrich,  it  is  possible  that  the  graptolites  are  really 
a  branch  of  the  bryozoans. 
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opposite  sides  of  the  earth,  as  in  England,  Unilod  Stales,  and  Australia, 
is  possible  (1)  because  the  animals,  attached  to  seaweeds  or  supported 
by  a  float  of  their  own  construction,  were  transported  widely  by  oceanic 
currents,  and  (2)  because  there  was  comparatively  rapid  evolution  of 
different  species  so  that  beds  only  a  few  feet  apart  vertically  may  be 
characterized  by  entirely  different  graptolite  assemblages. 

Most  graptolite  colonies  are  straight,  simple  or  branching  stems  with 
the  small  polypary  cups  (hydrothecae)  on  one  or  both  sides,  more  or  less 
overlapping  and  resembling  the  teeth  of  a  saw.  Some  colonies  have  a 
leaflike  form,  and  a  few  are  spirally  coiled.  The  polyps  grow  by  succes- 
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Fio.  102.— Some  representative  types  of  graptolites.     (Winifred  Goldring,  from  Ruedemann* 

New  York  State  Museum.) 

sive  budding  from  the  first  formed  cup.     In  the  more  highly  developed 
graptolites  the  rows  of  cups  were  supported  by  a  slender  solid  axis. 

Evolutionary  changes  among  the  graptolites  are  seen  (1)  in  the 
form  of  the  colonies,  and  (2)  the  shape  and  arrangement  of  the  cups. 
The  lower,  and  therefore  older,  graptolite  zones  show  species  in  which 
numerous  branchings  are  characteristic,  while  successively  appearing 
later  types  have  branches  reduced  to  16,  8,  4,  2,  and  finally  1.  Primi- 
tively, also,  the  branches  appear  to  have  hung  more  or  less  directly  down- 
ward, but  in  later,  more  advanced  genera  they  grew  horizontally  outward, 
and,  finally,  turning  upward,  the  rows  of  cups  were  established  in  a 
position  back  to  back.  There  is,  therefore,  a  tendency  in  colony  form  to 
pass  from  many  branches  to  a  single  one  and  from  downward-hanging 
branches,  each  with  a  single  row  of  hydrothecal  cups,  to  those  with  a 
double  row  of  cups  growing  back  to  back.  The  simplest  hydrothecae 
are  short  cylindrical  tubes  growing  obliquely  outward  from  the  initial 
cup.  In  specialized  types  these  turn  at  right  angles  to  the  stem  or 
even  form  an  S-shaped  bend,  and  part  of  the  tube  may  be  variously 
constricted. 
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The  graptolites  first  appear  in  the  Middle  Cambrian  (Burgess  shale)  and  are 
widespread  in  the  uppermost  Cambrian  rocks  (Diciyonema  beds).  The  Ordovician 
marks  the  heyday  of  graptolite  abundance  and  differentiation,  and  in  the  shale 
deposits  where  they  occur  they  are  much  the  most  important  among  all  the  fossils. 
There  are  40  genera  and  more  than  230  species  of  graptolites  in  the  Ordovician  rocks 
of  North  America.  By  Silurian  time  they  had  greatly  declined  in  numbers  but  are 
still  important.  Here  occur  some  of  the  most  peculiar  and  highly  specialized  examples. 
In  America,  about  23  genera  and  100  species  of  Silurian  graptolites  are  recorded.  A 
few  stragglers  consisting  of  the  most  long-lived,  primitive  stocks  lived  on  into  the 
Devonian  and  early  part  of  Mississippian  time. 

Corals 

General  Character. — Corals  are  bottom-dwelling  marine  coelenter- 
ates.     They  are  varied  in  color  and,  as  their  scientific  name  (Anthozoa — 


FIG.  103. — Model  of  a  sea  anemone. 

This  animal  is  closely  related  to  the  corals  but  does  not  have  hard  parts.     (American  Museum  of 
Natural  History.) 

flower  animals)  suggests,  beautifully  flower-like  in  form.  Some  are 
solitary  individuals,  but  the  majority  grow  in  colonies  that  in  many 
cases  are  several  feet  across.  Only  a  few  of  these  creatures  are  lacking 
in  hard  parts,  most  of  them  secreting  a  calcareous  or  horny  skeleton. 
The  calcareous  species  are  abundantly  represented  by  fossils  and  they 
have  been  very  important  at  certain  times  and  places  as  rock  builders. 
Many  of  the  corals  are  good  index  fossils.  If  the  ancient  coral  polyps 
were  affected  by  temperature  conditions  like  the  modern,  the  common 
occurrence  of  fossil  corals  in  a  geologic  formation  may  be  interpreted  to 
signify  that  the  deposit  was  laid  down  in  moderately  warm  waters, 
('orals  are  mostly  inhabitants  of  the  very  shallow  parts  of  the  sea. 
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Structurally,  the  body  of  the  coral  polyp  differs  from  that  of  the  hydro- 
zoan  in  the  presence  of  numerous  radial  walls  of  membrane  (mesenteries), 
some  of  which  project  inward  only  a  short  distance  from  the  circumference 
of  the  body,  others  reaching  and  joining  a  slitlike  gullet  that  extends  part 
way  downward  from  the  mouth.  Except  in  a  few  cases,  the  calcium 
carbonate  skeleton  is  secreted  by  the  outer  portion  of  the  body  wall, 
which  thus  encases  the  lower  part  of  the  coral  in  a  cylindrical  or  conical 
tube  or  in  some  cases  forms  a  flattish  basal  expansion.  The  soft  body 
^rall  is  commonly  infolded  strongly  between  the  mesenteries  so  that 
radial  partitions  (septa)  of  calcium  carbonate  are  built  up.  The  upper 
edges  of  the  septa  generally  slope  inward  from  the  outer  calcareous  wall 
(theca),  forming  a  central  depression  (calyx).  In  Mesozoic  and  Recent 

corals,  there  are  typically  six  primary, 
prominent  septa,  but,  in  the  Paleozoic, 
those  having  septa  show  a  fourfold 
symmetry.  Among  the  latter,  one  or 
more  of  the  four  main  septa  may  be 
repressed,  forming  a  depression  or  furrow 
(fossula)  in  the  calyx.  At  successive 
stages  in  the  fife  of  the  coral  polyp,  it 
may  draw  upward  slightly  and  deposit 
a  new  basal  platform  (tabula)  across  the 
tube,  and  vacated  spaces  between  the 
septa  may  be  partitioned  off  by  small 
FIG.  104.— Sketch  showing  struc-  oblique  plates  (dissepiments).  In  some 

tural    features    of    a    modern     coral  ....  .  .    .         , 

(Astrangia).  cases  a  rodlike  axis  is  secreted  in  the 

The  membranous  radial  partitions  center  of  the  CalyX  (columella) .  These 
(mesenteries)  of  the  body  cavity  extend 

downward   between   the   calcareous   radial  and     Other     Structures    give     Complexity 

partitions  (septa)  of  the  skeleton.  6                                      i. 

and  wide  variation  to  the  hard  parts  of 

different  species  of  corals,  which  makes  them  the  more  useful  as  markers 
of  strata  that  contain  them.  One  important  group  of  Paleozoic  corals 
(Tabulata)  is  characterized  by  the  vestigial  nature  of  the  septa,  abundant 
development  of  tabulae,  and  the  generally  small  size  of  the  individuals 
that  always  grew  in  colonies.  The  "  honey  comb "  and  "chain"  corals 
belong  to  this  group. 

Occurrence  of  Corals  in  Early  Paleozoic  Rocks. — Corals  are  not  a  dominant  ele- 
ment in  the  faunas  of  Early  Paleozoic  time,  but  in  each  of  the  periods  included  here 
there  were  a  few  common  and  widespread  species  that  are  characteristic  of  the  deposits 
containing  them. 

The  Lower  Cambrian,  in  both  North  America  and  the  Old  World,  has  yielded  many 
specimens  of  what  are  probably  very  primitive  corals  or  possibly  sponges.  These 
are  the  archeocyathids,  subcylindrical  or  conical  in  shape,  and  attaining  a  maximum 
length  of  nearly  a  foot.  They  are  specially  distinguished  by  the  thick,  porous  nature 
of  the  outer  and  radial  walls,  and  the  presence  of  a  sort  of  plate  that  unites  the  top  of 
the  septa,  flooring  the  calyx.  Locally,  the  archeocyathids  make  reefs  (or  bioherms) 
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60  feet  or  more  in  thickness.  A  limestone  in  Australia,  some  200  feet  thick  and 
extending  horizontally  for  400  miles,  is  largely  composed  of  them.  The  presence  of 
archeocyathids  in  Labrador,  islands  in  the  Arctic  north  of  Siberia,  and  in  Antarctica 
suggests  that  the  high  latitudes  were  at  least  not  frigid  at  this  time. 

For  some  reason,  corals  are  rare  or  lacking  in  the  Middle  and  Upper  Cambrian,  but 
they  appear  at  various  horizons  in  the  Ordovician.     Characteristic  genera  are  the 


FIG.  105. — Some  representative  types  of  Ordovician  corals. 

colonial  corals,  Tetradium  and  Columnana,  and  the  horn  coral,  Ktreptelaxnia.  The 
chain  coral  (Halysites),  though  typically  a  Silurian  fossil,  has  boon  found  to  bo  repre- 
sented by  some  species  as  old  as  mid-Ordovician.  Altogether,  some  15  genera  and  30 
species  of  Ordovician  corals  have  been  described. 


Fi<i.  100.     Sonic  M'pmscntative  types  of  Silurian  corals.      vOne-half  natural  size.) 

The  first  really  abundant  development  of  corals  occurred  in  Medial  Silurian  time, 
when  at  many  places  in  North  America  they  made  reef  limestones.  The  number  of 
American  genera  increased  to  67  and  that  of  species  to  373  or  more.  At  certain  places, 
notably  in  Wisconsin,  Iowa,  and  Indiana,  well-exposed  sections  of  the  ancient  reefs 
(hioherms)  may  be  studied,  and  large  collections  of  coral  species  may  bo  made.  There 
are  colonial  corals  of  many  types,  a  few  with  large  individual  polyps  (as  ^I 
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but  the  majority  with  units  of  small  size  (Favoailea,  Thecia,  Alveolites,  Cladoporti, 
Halysites,  Heliolites).  Especially  interesting  are  the  chain  coral  and  the  honeycomb. 
Horn  corals  of  various  sorts  are  not  uncommon  (Zap/trends,  Streptelasma,  Cysti- 
phyllum).  A  strange  coral  (Goniophyllum),  shaped  like  a  four-sided  pyramid  and 
provided  with  a  cover  composed  of  four  close-fitting  plates,  is  a  characteristic  fossil 
in  the  Silurian  of  northern  Europe,  and  more  rarely  in  North  America. 

Echinoderms 

General  Character. — The  echinoderms  (spiny  skin)  comprise  a  host 
of  marine  animals  that  are  highly  varied  in  appearance  and  size,  but 
nearly  all  characterized  by  radial  symmetry  and  by  the  presence  of  a 
skeleton  consisting  of  calcareous  plates  or  bodies  embedded  in  the  skin. 

Most  familiar  to  visitors  at  the  sea- 
shore are  the  starfish  and  sea  urchin 
which  crawl  about  on  the  shallow  sea 
bottom.  Less  generally  known,  but 
during  Paleozoic  time  far  more  impor- 
tant than  these  mobile  forms,  is  a  group 
of  sedentary  or  attached  echinoderms 
that  includes  the  crinoids,  which  are 
represented  by  living  species,  and  the 
cystoids  and  blastoids,  both  of  which 
are  confined  to  the  Paleozoic.  The 
free-moving  echinoderms  have  the 
mouth  on  the  under  or  ventral  side, 
but  the  attached  forms  are  inverted, 
the  mouth  and  ventral  side  being  upper- 
most. The  dorsal  side  is  underneath 
and  bears  a  stalk  by  which  the  animal 
is  fastened.  The  echinoderms  are  much 
more  highly  organized  than  the  coelen- 
terates,  for  they  have  a  true  digestive 
canal,  a  distinct  body  cavity,  a  vascular 
.and  water  circulatory  system,  a  more 
highly  developed  nervous  system,  com- 
plex skeletal  and  structural  elements, 
an  exclusively  sexual  mode  of  reproduction. 
Cystoids. — The  most  primitive  and  oldest  known  echinoderms  are 
the  cystoids.  These  have  a  skeleton  of  irregularly  arranged  plates 
joined  rigidly  together  to  form  a  saclike  Calyx,  an  inch  or  two  in  average 
diameter.  The  calyx  was  attached  to  the  sea  bottom  or  some  foreign 
object  by  a  short  stem,  or  in  some  cases  it  was  affixed  directly.  Like 
other  sedentary  echinoderms,  the  cystoids  fed  on  microscopic  organic 
matter  in  the  sea  water,  which  was  carried  to  th£  mouth  along  canals 
(ambulacra!  grooves)  on  the  upper  surface  of  the  calyx  or  on  the  turns. 


A  "^503$^        Oaryocnnus  (SiU 

FIG.  107. — Early  Paleozoic  cyst- 
oids. (A)  A  form  with  free  arms 
and  with  stem  attached.  (B)  A 
type  with  structures  corresponding 
to  arms  borne  on  the  calyx.  (C)  A 
symmetrical,  ornamented  form  that 
is  common  in  some  Silurian  beds. 
(Winifred  Goldring,  New  York  State 
Museum.) 

and 
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Some  3f>ccicH  had  two  or  more  rather  simple  arms,  arid  a  majority  show 
peculiar  perforated  structures  in  the  plates. 

The  cystoids  appeared  first  in  the  Cambrian  and  attained  maximum  numbers  and 
variety  in  the  Ordovician  (21  genera,  59  species)  and  Silurian  (28  genera,  113  species). 
Only  a  very  few  cystoids  are  known  from  beds  younger  than  Silurian.  They  are 
therefore  characteristic  of  the  older  Paleozoic  strata. 

Blastoids.  —  A  second  group  of  the  stemmed  echinoderms  is  known 
as  the  blastoids.  These  have  a  symmetrical,  budlike  calyx,  composed 
of  13  plates,  and  they  have  five  ambulacral  or 
food  groove  areas  that  extend  downward  from 
the  summit  along  the  sides.  They  are  about  a 
half  inch  in  average  diameter.  In  unusually 
well-preserved  specimens,  a  multitude  of  thread- 
like armlets  is  found  arising  from  the  borders 
of  the  ambulacra  and  entirely  concealing  them. 
Inside  the  calyx,  beneath  the  ambulacra,  are 
bundles  of  flattened  tubes  that  probably  func- 
tioned as  respiratory  organs  (see  Fig.  196). 


"* 


Fii08.—  Diagram   of 
simple    crmoid   showing 

featUTe8'    (Afl~ 


The  first  known  blastoids,  occurring  in  Ordovician 
strata,  show  certain  characters  suggesting  transition  from 
an  ancestral  cystoid  stock.  This  group  is  not  common 
either  in  the  Ordovician  (one  genus,  one  species)  or 
Silurian  (one  genus,  three  species),  but  it  reached  a 
sudden  and  rather  remarkable  climax  in  the  Mississippian 
period. 

Crinoids.  —  Much  the  most  important  class 
of  Paleozoic  echinoderms  includes  the  crinoids. 
These  are  usually  long-stalked  creatures  with  a 
calyx  composed  of  regularly  arranged  plates 
and  provided  with  well-developed  movable  arms. 

The  stem  or  stalk  consists  of  very  numerous  superimposed  button- 
like  disks,  each  with  a  rounded  or  five-angled  opening  through  the  center. 
The  stem  may  carry  lateral  appendages  (cirri)  at  intervals,  and  the 
lower  end  is  anchored  by  rootlike  branches,  by  a  bulbous  or  heavy  discoid 
terminal  growth,  or  in  some  cases  by  coiling  around  a  seaweed  or  other 
foreign  object.  The  length  of  the  stem  is  ordinarily  not  greater  than  1 
or  2  feet  but  some  Jurassic  specimens  show  more  than  20  feet  of  stem, 
the  end  not  being  observed. 

The  calyx  is  cup-shaped  or  globular  and  encloses  the  more  important 
organs  of  the  animal.  The  lower  (dorsal)  portion,  below  the  arms,  is 
characterized  by  regularly  disposed  plates,  the  shape  and  arrangement  of 
which  are  constant  in  each  species.  The  primary  symmetry  is  always 
pentameral  (fivefold)  but  in  very  many  crinoids  the  introduction  of  an 
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additional  plate  or  series  of  plates  (anals)  on  one  side  of  the  calyx  intro- 
duces a  bilateral  symmetry.  The  crinoids  are  classified  mainly  on  the 
basis  of  the  plate  arrangements  of  the  calyx,  and  consequently  this  is 
the  most  important  part  of  the  fossil  for  study.  If  the  plates  become 
separated  after  death  of  the  animal,  or  if  stem  or  arm  pieces  only  are 
found,  it  is  not  possible  ordinarily  to  identify  the  species  to  which  these 
parts  belonged.  The  upper  (ventral)  part  of  the  calyx  is  generally  formed 
of  numerous  irregularly  arranged  plates.  The  mouth  is  centrally  located 
and  externally  visible  in  some  forms  but  concealed  beneath  the  ventral 
covering  in  others.  The  anal  vent  is  also  located  on  the  upper  surface 

of  the  calyx,  sometimes  at  the  end 
of  an  elevated  tube  or  proboscis. 

The  arms  of  the  crinoid  are  mov- 
able columns  of  small  channeled 
plates  arranged  in  single  or  double 
alternating  series.  The  furrow  along 
the  arms,  covered  by  small  plates, 
carries  water,  with  its  contained 
microscopic  food  matter,  to  the 

Eucalyptocrinu5        Crotafocrinus 


highly  organized  crinoids,  each  plate 
of  the  Mississippi  Valley  region  of  North  segment  of  the  arms  carries  a  small 

America  and  the  Baltic  region  of  Europe.       bnmchlet     (pinnuU)    similar    to    the 

arm  in  structure  and  function.  Various  numbers  of  arms  and  types 
of  branching  are  observed  but  the  arrangement  of  arms  in  all  species 
shows  a  basic  five-fold  symmetry. 

Living  crinoids  are  highly  gregarious  and  inhabit  mainly  the  shallow, 
clear,  moderately  warm  portions  of  the  sea.  A  majority  of  the  fossil 
forms  doubtless  were  similar  in  habits,  as  indicated  by  the  enormous 
quantity  of  their  remains  in  some  of  the  Paleozoic  formations,  and  by 
their  association  with  reef  corals  and  other  shallow-water  invertebrates. 

Early  Paleozoic  Crinoids. — Crinoids  are  not  certainly  known  from  Cambrian 
rocks  but  they  are  fairly  well  represented  in  the  Ordovician  system  (34  genera,  110 
species).  Several  of  these  ancient  forms  are  rather  specialized,  well-advanced  types 
that  are  good  index  fossils.  Each  of  the  main  orders  of  crinoids,  except  the  articu- 
lates, to  which  most  modern  crinoids  belong,  is  present  in  the  Ordovician  faunas. 
Silurian  time  witnessed  a  considerable  advance 'in  the  number  and  variety  of  crinoids 
(in  America  69  genera,  293  species),  and  some  of  the  species  were  very  peculiarly 
specialized.  In  one  (Eucalyptocrinus),  the  arms  fitted  into  partitioned  spaces  formed 
by  solid  calcareous  walls  raised  above  the  calyx;  in  another  (Crotalocrinus),  the  arms 
joined  laterally  to  form  a  broad  flexible  network;  and  in  still  another  (Petolocrinus), 
the  arm  structures  were  developed  into  solid  petal-like  projections  extending  outward 
from  the  tiny  calyx.  All  of  these  types  occur  in  the  Silurian  of  the  central  United 
States  and  of  northern  Europe.  In  some  of  the  Silurian  deposits  there  are  numerous 
specimens  of  minute  crinoids  (Stephanocrinus,  Piaocrinus)  with  calices  no  larger  than 
a  pea. 
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The  structural  characters  that  are  of  chief  importance  in  classification  and  in  the 
evolution  of  the  crinoids  are  (1)  the  plan  of  the  plates  in  the  dorsal  part  of  the  calyx, 
arid  (2)  the  number,  method  of  branching,  and  structure  of  the  arms. 

Starfishes  and  Echinoids. — Starfishes  are  known  as  fossils  in  the 
older  Paleozoic  rocks.  While  their  presence  and  comparatively  high 
degree  of  development  are  interesting,  this  group  of  echinoderms  is  not 
important  in  any  of  the  fossil  faunas.  The  echinoids  or  sea  urchins  were 
represented  in  the  Ordovician  by  a  single  genus  with  small  globular  shell 
(Bothriocidaris)  and  in  the  Silurian  by  four  known  genera.  The  ancient 
echinoids  are  characterized  chiefly  by  the  large  number  of  columns  of 
plates  in  the  shell.  The  time  of  great  abundance  and  differentiation  of 
the  echinoids  was  in  the  Mesozoic,  to  .  one  inch . 

which   chapter  we  may  reserve  more 
detailed  consideration. 

Worms 

Generally  speaking,  no  class  of 
animals  is  less  adapted  to  preservation 
in  the  fossil  state  than  the  worms, 
whose  bodies  are  as  a  rule  lacking  in 
hard  parts.  This  is  unfortunate,  for 

the  extreme  variety  of  modern  forms  Scolithus  (Cam.)       Arthrophycus(SiU 
and  the  abundance  of  species  dwelling  FIG.  no.— Fossil  worm  trails  from  Early 
in  the  sea  suggest  that  the  paleontologic  Paleozoic  rocks, 

record  would  be  much  richer  if  worms  were  well  represented.  Fossils 
in  this  group  include  (1)  pincer-like  or  variously  shaped,  tooth- 
bearing  jaw  parts  (termed  scolecodonts)  of  annelid  worms,  (2)  a  few  types 
that  secrete  for  themselves  calcareous  tubes  which  are  generally  attached 
to  some  shell  or  other  foreign  substance,  and  (3)  the  borings  or  trails 
that  are  made  in  sediments  on  the  sea  floor. 

Scolecodonts  are  surprisingly  abundant  fossils  in  some  of  the  Ordovician  and 
Silurian  strata,  and  the  fact  that  the  various  kinds  discovered  at  different  horizons 
are  readily  distinguishable  makes  this  group  of  fossils  useful  as  stratigraphic  markers. 
Most  of  the  specimens  are  less  than  1  mm.  in  length.  Fossil  worm  tubes  are  known 
from  Ordovician  and  Silurian  rocks,  and  each  of  the  Early  Paleozoic  systems  carries 
in  places  the  trails  and  borings  of  worms.  Certain  zones  in  the  Cambrian  are  specially 
characterized  by  an  abundance  of  vertical  borings  (Scolithus)  of  rather  small  diameter 
that  generally  occur  in  sandstone.  In  some  cases  these  borings  are  filled  by  soft 
material  that  is  removed  readily,  but  the  fillings  may  also  be  harder  than  the  matrix 
and  weather  in  relief.  One  of  the  guide  fossils  in  the  Medinan  sandstones  of  the 
Appalachian  region  is  Arlhrophycus,  which  at  first  was  thought  to  be  the  cast  of  a 
seaweed  but  is  now  interpreted  as  the  trails  of  marine  worms. 

One  remarkable  exception  to  the  rule  concerning  preservation  of  these  soft-bodied 
creatures  is  found  in  a  large  collection  of  fossils  from  the  Burgess  shale,  of  Medial 
Cambrian  age,  in  British  Columbia.  Among  other  fossils  is  a  profusion  of  worms, 
flattened  by  pressure  but  showing  body  segments,  legs,  delicate  hairlike  appendages, 
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and  oven  internal  structures.  This  amazing  glimpse  of  a  highly  developed  assemblage 
of  soft-bodied  marine  organisms  serves  to  emphasize  the  conclusion  that  a  host  of 
similar  animals,  including  the  worms,  existed  in  Early  Paleozoic  time  but  has  left  no 
fossil  record. 

Bryozoans 

General  Character. — Few  classes  of  marine  invertebrates  have  a 
record  of  highly  varied  and  long-sustained  evolution  that  exceeds  that 
of  the  bryozoans,  yet,  because  of  the  minute  size  of  the  individuals  and 

of  many  of  the  colonies,  their 
importance  is  easily  overlooked. 
With  exception  of  a  single  genus, 
they  are  exclusively  colonial  ani- 
mals that  secrete  a  calcareous, 
horny,  or  membranous  covering 
that  in  different  species  exhibits  a 
multitudinous  variety  of  form  and 
structure.  Of  course,  only  the 
calcareous  forms  are  adapted  for 
preservation  as  fossils.  The  most 
primitive  bryozoans  build  a  simple, 
chainlike  series  of  tubes,  one  bud- 
ding from  another.  By  branch- 
ing and  lateral  confluence  of  tubes, 
the  more  complex  types  of  colonial 
structures  are  produced.  Some 
grow  in  slender,  plantlike  tufts; 
some  spread  over  shells  or  other 
foreign  objects  in  a  delicate  network 
of  interwoven  threads;  or  they  form 
thin,  leaflike  expansions,  rounded 
branches,  lacy  fronds,  or  massive 
subglobular  or  hemispherical  bod- 
ies. There  are  several  thousand  described  fossil  species,  ranging  in  age 
from  Ordovician  to  Recent,  and  during  parts  of  geologic  time  the 
bryozoans  were  important  rock  builders. 

Superficially,  the  bryozoans  resemble  certain  hydro  zoans,  but  they 
differ  from  them  radically  in  the  possession  of  a  distinct  body  cavity,  an 
alimentary  canal,  a  highly  developed  nervous  system,  and  delicate 
respiratory  tentacles  surrounding  the  mouth.  The  colonial  skeleton 
(zoarium)  has  various  structural  peculiarities  which  with  the  almost 
microscopic  size  of  the  individual  habitations  (zooecia)  make  it  easy  in 
mosl  cases  1o  distinguish  I  he  bryozoans  from  other  organisms.  Identifi- 
cation of  species  often  requires  the  making  of  thin  sections  in  order  to 
determine  internal  structure,  but  this  is  not  without  advantage,  since  it 


zoans  (Bugula),  much  enlarged. 
Museum  of  Natural  History.} 
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Fio.  112.— Some  representative  types  of  O 


ovician  and  Silurian  bryozoans. 
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is  possible  in  many  cases  to  recognize  a  species  embedded  in  hard  rock, 
even  though  surface  characters  are  not  shown.  Many  of  the  bryozoans 
were  widely  distributed  geographically  but  short-ranging  vertically;  they 
are  therefore  good  index  fossils  of  the  formations  in  which  they  occur. 

Features  that  are  most  important  in  the  evolution  and  classification 
of  the  bryozoans  are  (1)  characters  of  the  zooecial  apertures,  (2)  internal 
structures,  and  (3)  the  mode  of  colonial  growth,  which  determines  the 
form  of  the  zoarium. 


Fio.  113. — Ordoviciaii  shale  rich  in  delicate  ribbon-like  and  iacelike  fossil  bryozoana  from 
the  Baltic  region  of  Europe,     (ft.  S.  Rassler,  U.  S.  National  Museum.) 

Early  Paleozoic  Bryozoans. — The  oldest  known  bryozoans  occur  in  Lower  Ordo- 
vician  limestones  (unless  graptolites  should  be  proved  to  belong  in  the  bryozoans). 
In  some  of  the  Middle  and  Upper  Ordovician  deposits,  especially  certain  limy  shales, 
they  became  extraordinarily  abundant,  in  both  individuals  and  species.  America 
has  yielded  at  least  74  genera  and  392  species  of  Ordovician  bryozoans.  As  compared 
with  later  bryozoan  faunas,  those  of  this  time  are  characterized  by  the  preponderance 
of  massive  colonial  growths  ("stony  bryozoans").  This  was  the  time  of  maximum 
development  of  the  so-called  trepostome  bryozoans  which  are  characterized  by  long 
zooecial  tubes  with  numerous  cross  partitions  or  diaphragms. 

Some  of  the  Silurian  formations,  especially  those  belonging  to  the  lower  and  middle 
parts  of  the  system,  contain  very  abundant  bryozoans,  but  the  large  massive  types  are 
less  common.  There  are  numerous  delicate  branching  colonies  and  the  first  important 
development  of  Iacelike  fronds.  The  American  Silurian  bryozoans  number  some  95 
genera  and  336  species. 

Brachiopods 

General  Character. — Brachiopods  are  marine  shelled  animals  that 
are  possibly  related  to  the  bryozoans  and  accordingly  are  sometimes 
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united  with  them  under  the  name  Molluscoidea.  11  seems  preferable, 
however,  to  regard  each  as  a  distinct  phylum,  since  the  external  form, 
average  size,  and  complete  absence  of  colonial  development  in  the 
brachiopods  do  not  remotely  suggest  any  of  the  bryozoans. 

Brachiopods  have  two  unequal  shells  or  valves,  each  of  which  is 
bilaterally  symmetrical.  They  consist  of  calcium  carbonate  in  the 
great  majority  of  species,  but  some  have  chitinous  shells,  impregnated 
with  calcium  phosphate  and  carbonate.  The  form  of  the  shell  is  variable. 
Generally  both  valves  are  convex,  but  they  may  be  nearly  flat;  one  or 
other  of  the  valves  may  be  convex  while  the  opposite  is  concave:  or  one 
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FIG.  114. — Drawings  showing  the  form  and  structural  features  of  brachiopods.  A  to  E 
are  views  of  a  single  fossil  shell  from  different  directions.  Note  that  the  two  halves  of 
each  valve  are  symmetrical  (A,  B,  D,  E)  but  that  one  valve  is  not  symmetrical  to  the  other. 
F  shows  the  spiral  internal  supports  for  the  brachia  in  Spirifer.  G  to  J  from  living  species. 
(F  to  J  after  Winifred  Goldring,  New  York  State  Museum.) 

valve  may  be  cone-shaped,  the  other  fitting  like  a  lid  upon  it.  In  most 
cases  the  posterior  portion  of  the  shell,  where  the  valves  are  hinged  or 
held  closely  together,  is  pointed  in  a  beak.  One  of  the  valves  is  desig- 
nated as  pedicle  or  ventral  and  the  other  as  brachial  or  dorsal.  During 
all  or  part  of  the  existence  of  the  brachiopod  after  the  free-swimming 
larva  settles  down,  the  shell  is  attached  to  the  sea  bottom  by  a  fleshy 
stalk  (pedicle)  that  projects  posteriorly  between  the  valves  or  through 
an  opening  in  the  pedicle  valve  which  generally  is  dorsal  in  position. 
With  increasing  age,  the  pedicle  opening  may  become  closed  and  the 
pedicle  itself  atrophied.  Some  brachiopods  are  anchored  by  projecting 
spines  or  are  cemented  to  foreign  objects  by  the  whole  or  part  of  the  sur- 
face of  the  ventral  valve. 

Some  brachiopods  are  smooth,  except  perhaps  for  faint  concentric 
markings  that  indicate  interrupted  growth.  The  greater  number  develop 
radiating  striae,  ribs,  or  plications  that  ornament  and  may  strengthen 
the  shell  materially.  The  median  portion  and  front  margin  of  one  valve 
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are  frequently  depressed  (sinus),  while  the  corresponding  part  of  the 
opposite  valve  is  elevated  (fold).  Spines  may  be  developed  in  various 
parts  or  over  the  entire  surface.  Between  the  beak  and  the  hinge  line 
in  many  species  a  flattened  or  curved  triangular  space  (cardinal  area) 
is  observed.  It  is  more  highly  developed  in  the  pedicle  valve  and  is 
bisected  by  a  small  triangular  opening  (delthyrium)  for  the  pedicle.  The 
opening  may  be  partially  closed  by  a  plate  (deltidium)  secreted  by  the 
pedicle,  or  by  a  pair  of  plates  (deltidial  plates)  secreted  by  an  extension 
of  the  mantle  that  builds  the  pedicle  valve.  The  shells  of  most  living 
species  are  light-colored  and  unornamented,  but  some  bear  vivid  color 
markings.  It  is  interesting  to  find  at  least  some  fossil  brachiopods  in 
which  traces  of  color  patterns  are  preserved.  The  large,  externally 
sculptured  brachiopods  of  Paleozoic  time  must  have  been  objects  of  much 
beauty  if  adorned  by  brilliant  coloring. 

The  more  primitive  brachiopods  have  no  definite  hinge  structure,  the 
valves  being  held  together  merely  by  muscles.  More  advanced  shells 
have  hinge  teeth  on  the  pedicle  valve  that  fit  into  sockets  on  the  brachial 
valve,  and  the  hinge  line  may  be  considerably  extended  laterally.  The 
valves  are  pulled  together  by  muscles  attached  to  the  interior  and  are 
opened  by  other  muscles  extending  from  the  floor  of  the  pedicle  valve  to 
the  end  of  a  lever-like  projection  (cardinal  process),  near  the  beak  of  the 
brachial  valve,  that  passes  between  and  beyond  the  hinge  teeth.  These 
structures  may  be  supplemented  and  supported  by  plates  of  various 
shape  and  position  inside  the  shell.  Finally,  in  all  advanced  types  of 
brachiopods,  the  delicate  fleshy  arms  (brachia)  that  serve  to  propel  food 
particles  toward  the  mouth  are  -supported  by  calcified  projections 
attached  near  the  beak  of  the  brachial  valve.  These  may  consist  of 
moderately  short,  curved  processes  (crura),  of  a  loop,  or  of  two  thin, 
spirally  coiled  ribbons. 

^The  evolution  of  the  brachiopods^along  various  lines  is  shown  by  (1) 
composition  and  structure  of  the  shell,  (2)  articulation  of  the  valves,  (3) 
nature  of  the  pedicle  opening  and  method  of  attachment,  (4)  form  and 
surface  ornamentation  of  the  shell,  and  (5)  development  of  various 
internal  structures. 

Early  Paleozoic  Brachiopods. — Brachiopods  are  particularly  characteristic  of 
Paleozoic  rocks,  for  they  were  most  abundant  and  varied  during  this  era,  while  in 
the  Mesozoic  and  Cenozoic  time  they  were  represented  by  only  a  few  surviving  stocks 
of  rather  simple  type.  More  than  3,500  species  are  already  known  from  Paleozoic 
rocks  of  North  America. 

Cambrian. — The  Cambrian  brachiopods  are  generally  small,  mostly  less  than  a 
half  inch  in  length  and  width.  The  simplest,  most  primitive  shells  predominate,  for 
the  unhinged  shells  composed  partly  or  wholly  of  lime  phosphate  are  much  more 
numerous  than  those  with  hinged,  calcareous  valves.  Some  of  these  shells  had  nearly 
squal  valves  with  a  large  opening  for  the  pedicle  shared  by  both  valves,  a  feature  that 
is  repeated  in  the  very  earliest  stages  of  later  brachiopods. 
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Characteristic  Cambrian  genera  are  "Obolus"  (Parobolus),  Lingulella,  and  numer- 
ous others  in  the  family  Obolidae,  with  rounded  or  pointed  thin  shells  bearing  a 
grooved  cardinal  area;  Obolella,  Acrothele,  and  Acrotreta,  more  or  less  strongly  conical 
shells  subcircular  in  outline,  with  the  apex  of  one  valve  open  for  passage  of  the  pedicle; 
and  Billingsella,  Eoorthis,  and  other  primitive  genera  that  mark  the  beginning  of  the 
calcareous-shelled,  hinged  brachiopods.  Walcott  lists  59  genera  and  536  species  in 
his  monograph  on  the  Cambrian  brachiopoda  of  the  world,  of  which  45  genera  aqd  346 
species  occur  in  North  America. 

Ordovician.— All  of  the  four  brachiopod  classes  are  represented  in  the  Ordovician 
rocks.  A  marked  advancement  over  Cambrian  species  as  shown  by  (1)  dominance  of 
hinged  calcareous  over  unhinged  phosphatic  shells,  (2)  increase  in  average  size,  variety, 
and  numbers,  (3)  prevalence  of  strongly  striated  or  plicated  shells,  (4)  development  of 
interlocking  anterior  margins,  with  fold  and  sinus,  (5)  abundance  of  concavoconvex 
shells,  and  (6)  the  appearance  of  specialized  internal  structures  such  as  spiral  supports 
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Fit..  115.      Some  repieM'iitMth  «•  t\  pes  of  Cambrian  brachiopods. 

for  the  brachia.     Several  important  groups  which  are  well  represented  throughout 
most  of  later  Paleozoic  time  make  their  appearance. 

The  family  called  Orthidae  is  especially  characteristic  and  at  the  peak  of  its  evolu- 
tion. The  shells  are  generally  wide-hinged  and  strongly  plicated.  They  exhibit  an 
evolution  in  form  from  Orthiti,  with  pedicle  valve  strongly  convex,  brachial  flat,  to 
Plectorthis  and  Platyxtrophia,  with  valves  subequally  convex,  and  to  Hebertella,  with 
pedicle  valve  flattened  and  the  brachial  strongly  convex.  Dalmanclla,  with  a 
strongly  punctate  shell,  is  also  common.  Another  very  important  family  is  the 
Strophomenidae,  in  which  the  shells  are  generally  wide-hinged  and  flat  or  concavo- 
convex.  The  most  common  genera  are  Rafinesquina,  Leptaena,  arid  Sowerbyella,  with 
convex  pedicle  valve,  and  Ktrophomena,  with  convex  brachial  valve.  Leptaena,  which 
is  distinguished  by  strong  transverse  erenulations  and  a  sharply  bent  marginal  area, 
is  one  of  the  very  long-lived  brachiopod  types,  persisting  practically  unchanged  from 
Ordovician  to  Mississippian  time.  The  rhynchonellid  group,  distinguished  generally 
by  strongly  plicated  shells  with  pointed  beaks  and  no  cardinal  area,  is  represented 
especially  by  Rhynchotrema,  which  is  very  abundant  and  widespread  in  some  forma- 
tions. The  earliest  spire-bearing  brachiopods  are  the  Ordovirian  ///</<>* //w/,  Cntazyga, 
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and  Cydospira,  individuals  of  which  are  common  in  places,  but  the  number  of  species 
is  not  large.  Atrypa,  which  has  a  different  type  of  spire,  appeared  in  Late  Ordovician 
time;  it  became  exceedingly  abundant  in  parts  of  the  Silurian  and  Devonian.  The 
number  of  described  Ordovician  brachiopods  in  America  is  about  65  genera  and  472 
species. 

Silurian. — The  Silurian  brachiopod  fauna  continues  most  of  the  main  lines  of 
development  seen  in  the  Ordovician.  The  total  number  of  species  is  still  larger  and 
some  beds  are  practically  made  up  of  brachiopod  shells. 


FIG.  116. — Some  representative  types  of  Ordovician  and  Silurian  brachiopods. 

Most  of  the  orthid  genera  persist  in  the  Silurian,  Dalmanella  being  especially 
important.  Among  strophomenids  are  Leptaena,  Sowerbyella,  and  the  notched-hinge- 
line  genera  Stropheodorda,  with  convex  pedicle  valve,  and  Stro phonella,  with  convex 
brachial  valve.  Rhynchonellids  are  represented  by  a  number  of  genera,  among 
which  may  be  mentioned  Rhynchotreia  and  Camarotoechia.  A  family  that  includes 
several  important  Silurian  index  fossils  is  the  Pen  tarn  eridae.  These  are  mostly 
smooth,  but  there  are  some  plicated  shells  in  which  the  interior  is  divided  near  the 
beaks  by  prominent  converging  partitions.  The  most  important  genera  are  Pentam- 
erws,  Stricklandinia,  Conchidium,  and  Gyjridula.  The  spire-bearing  brachiopods 
show  a  large  increase  in  importance  and  there  are  several  distinct  types  of  spires. 
Atrypa,  Eoxpirifer,  Cyrtia,  Cyrtina,  Homeo$irira,  Hindclla,  Whitjieldia,  and  Meristina 
may  be  mentioned.  Atnjpa  is  a  finely  plicated  shell  with  very  convex  brachial  valve 
and  without  a  hinge  area.  Eospirifer  is  the  first  of  the  line  of  the  family  Spiriferidae 
which  had  a  very  great  development  in  the  later  Paleo/oie  and  includes  many  valuable 
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index  fossils.     The  spirifers  arc  transversely  elongate,  generally  plicated  shells  with 
a  well-developed  cardinal  area  and  laterally  extending  internal  spires. 

More  than  3,000  species  of  brachiopods  are  known  from  Ordovician  and  Silurian 
rocks  of  the  .world.  The  Silurian  of  America  contains  not  less  than  89  genera  and  652 
species.  ? 

Pelecypods 

General  Character. — Pelecypods  are  bivalved  aquatic  animals  with 
a  bilaterally  symmetrical  body,  fairly  well-developed  digestive,  cir- 
culatory, and  nervous  systems,  and  a  muscular  foot  that  may  be  used 
in  locomotion.  They  have  no  head,  in  this  and  some  other  characters 
being  more  primitive,  or  degenerate,  than  the  gastropods  (snails)  and 
cephalopods,  "which  are  grouped  with  pelecypods  in  the  phylum  Mollusca. 
In  most  pelecypods  the  membranous  mantle  that  encloses  the  body  and 
secretes  the  shell  is  extended  backward  out  of  the  shell  and  forms  two 
tubes  (siphons).  These  carry  a  current  of  water,  the  inflowing  one 
containing  oxygen  for  respiration  and  microscopic  organic  matter  for 
food,  the  outflowing  one  removing  the  waste  products.  The  tubes  can 
be  drawn  inside  the  shell,  except  in  cases  where  they  are  unusually 
elongated.  The  majority  of  this  group  of  invertebrates  live  on  the 
bottom  of  the  shallower  parts  of  the  sea,  but  some,  like  the  mussels, 
have  become  adapted  to  fresh  waters.  They  may  crawl  about  slowly  or 
burrow  into  mud,  sand,  or  in  some  cases  even  into  wood  and  stone. 
The  scallop  (Pecteri)  can  swim  a  little  by  clapping  its  valves  together  And 
by  forcing  water  alternately  from  one  side  and  the  other. 

The  two  valves  of  the  pelecypod  are  typically  equal  in  size  and 
symmetrical  one  with  the  other;  they  are  carried,  respectively,  on  the 
right  and  left  sides  of  the  animal,  the  line  of  hingement  being  dorsal. 
This  is  very  different  from  the  two  valves  of  the  brachiopod,  which  are 
respectively  dorsal  and  ventral,  one  larger  than  the  other,  and  each  valve 
with  equal  symmetrical  halves.  The  foot  of  the  pelecypod  projects 
forward  on  the  ventral  side  between  the  valves,  and  the  siphons  back- 
ward. The  beak  of  each  valve  is  generally,  but  not  always,  pointed 
anteriorly  and  located  in  front  of  the  mid-length  of  the  shell.  By  this 
and  other  means  the  fossil  shell  may  be  oriented  readily.  The  valves 
are  held  together  in  most  pelecypods  by  two  large  muscles  (adductors), 
but  in  some,  like  the  oyster,  there  is  only  one  adductor  muscle.  The 
valves  are  fastened  together  at  the  hinge  by  an  elastic  ligament,  which, 
if  external,  is  placed  under  tension  and,  if  internal,  under  compression, 
when  the  muscles  close  the  shell.  When  the  muscles  relax,  the  shell 
springs  open  automatically.  Articulation  of  the  two  valves  is  aided  in 
very  many  species  by  different  types  of  teeth  and  sockets  along  the 
hinge  line,  the  interlocking  of  these  obviously  serving  to  hinder  slipping 
or  twisting  of  one  valve  on  the  other.  The  external  ornamentation 
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comprises  more  or  less  distinct  concentric  growth  lines,  projecting 
lamellae,  ridges,  ribs,  folds,  nodes,  and  spines.  Certain  fossil  species 
have  a  subtriangular  area  (cardinal  area)  set  off  by  a  slight  groove  between 
the  beak  and  hinge  line;  in  others  and  in  many  living  forms  there  is  a 
heart-shaped  area  (lunule)  bounded  by  a  ridge  or  groove  in  front  of  the 
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FIG.    117. — Drawings  showing  form   and  structural  features  of  pelecypods. 
from  Winifred  Goldring,  New  York  State  Museum.) 
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beaks,  and  a  more  elongated  one  (escutcheon)  extending  backward  from 
the  beaks. 

On  the  inside  of  the  shell  are  found  the  scars  of  attachment  of  the 
muscles.  A  slightly  impressed  line  (pallidl  line),  marking  the  place  of 
attachment  of  the  mantle,  is  noticeable  not  far  from  the  ventral  border 
of  many  pelecypods.  A  strong  indentation  of  this  line  (pallial  sinus) 
in  some  marks  the  place  where  the  siphons  are  drawn  into  the  shell. 
These  internal  features  show  very  clearly  on  some  fossil  molds.  The 
fact  that  the  inner  pearly  layer  of  peleeypod  shells — in  some  cases  nearly 
the  whole  shell — consists  of  aragonite  explains  the  frequent  removal  of 
the  shell  substance  by  solution,  for  aragonite,  though  identical  with 
calcite  in  composition,  is  more  soluble.  In  collecting  fossils,  one  often 
finds  that  brachiopods  and  other  shells  made  up  of  calcite  are  well  pre- 
served, while  pelecypods  and  gastropods,  whose  original  shell  was 
aragonite,  are  represented  only  by  molds. 
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The  structures  of  the  hinge  region,  musculature,  and  general  form 
of  the  shell  are  chief  features  used  in  classifying  the  pelecypods.  In 
spite  of  a  wide  variety  of  forms,  the  group  has  been  rather  conserva- 
tive throughout  its  long  period  of  existence,  with  few  lines  of  special 
development. 

Occurrence  of  Pelecypods  in  Early  Paleozoic  Rocks. — The  oldest  undoubted 
pelecypods  occur  in  Middle  Ordovician  beds  where  several  genera  suddenly  make 
their  appearance.  These  are  rather  archaic,  generalized  types  that  attained  a  climax 
in  the  medial  and  later  parts  of  Ordovician  time.  They  are  mainly  characterized 


FIG.  118. — Some  representative  types  of  Ordovician  pelecypods. 

by  the  presence  of  a  large  number  of  simple,  similar  teeth  along  the  hinge  line,  which 
is  a  primitive  type  of  dentition  (taxodont).  Some  of  the  characteristic  types  were 
prominently  ribbed  and  had  a  large  winglikc  expansion  on  one  side  of  the  beak 
(Ambonychioj  B yssonychia) .  Others  were  much  like  the  common  mussel. 

The  Silurian  contains  fairly  numerous  fossil  pelecypods,  mostly  belonging  to 
genera  slightly  different  from  those  of  the  preceding  period.  More  than  75  kinds  are 
known  from  the  Silurian  of  the  island  of  Gotland,  in  the  Baltic.  In  general,  however, 
the  pelecypods  of  Paleozoic  time  were  a  little-changing  group,  less  important  to  the 
stratigrapher  and  paleontologist  than  many  others.  The  American  Ordovician 
contains  approximately  51  genera  and  381  species,  the  Silurian  69  genera  and  301 
species. 

Gastropods 

General  Character. — The  gastropods,  or  snails,  have  a  distinct  head 
which  carries  mouth,  eyes,  ears,  and  tentacles.  They  are  also  dis- 
tinguished by  having  a  broad  foot,  on  which  they  may  crawl  slowly 
about,  and  by  the  possession  of  a  single  spirally  coiled  or  cap-shaped 
shell,  on  account  of  which  they  are  frequently  termed  univalves.  Some 
gastropods,  however,  have  no  shell  at  all.  The  mouth  is  armed  with 
horny  plates  and  a  rasplike  process  (raduld).  The  esophagus  leads  into 
a  long  coiled  intestine,  surrounded  by  a  large  liver,  kidneys,  and  various 
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glands.  A  heart  and  many  branching  blood  vessels  make  up  the  cir- 
culatory system,  and  two  cerebral  and  numerous  other  paired  ganglia, 
with  their  connections,  compose  the  nervous  system.  Most  gastropods 
have  tufted  or  leaflike  gills,  originally  paired,  but  usually  becoming 
single  by  the  atrophy  of  one.  Reproductive  organs  are  specialized. 
Gastropods  are  most  abundant  in  the  shallow  seas,  but  they  live  also  in 


• 
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Fio.    119.— Drawings    showing   iorm    ;in<{    structural    features    of   gastropods. 
from  Winifred  (roldritig,  New  York  State  Museum.) 


(In   part, 


fresh  waters  and  many  are  air  breathers.  They  feed  mostly  on  plants 
but  some,  including  the  drills,  which  can  bore  a  neat  round  hole  through 
other  shells,  are  carnivorous.  A  few  are  scavengers. 

The  shell  of  the  gastropod,  secreted  by  the  mantle  on  the  dorsal  side 
of  the  body,  consists  essentially  of  calcium  carbonate  in  the  form  of 
aragonite  and  hence,  like  the  pearly  shell  substance  in  pelecypods,  is 
subject  to  solution  or  alteration  rather  readily  in  fossilization.  The 
shell  is  spirally  twisted  or  in  some  cases  consists  of  an  uncoiled  cone. 
Generally,  the  spire  is  strongly  elevated  and  screwlike,  being  carried  on 
the  back  of  the  animal  with  the  apex  pointed  upward  and  backward,  and 
the  aperture  downward  and  forward.  Most  shells  are  right-handed;  that 
is,  (he  aperture  when  held  downward  and  facing  the  observer  is  on  the 
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right  side.  A  few  are  left-handed.  Some  shells  are  coiled  in  a  plane. 
Each  complete  coil  is  termed  a  whorl.  The  whorls  may  wind  around  a 
solid  axial  pillar  (columella)  or  leave  an  open  space  (umbilicus).  The 
aperture  is  generally  rounded  but  may  be  notched  by  canals  carrying 
the  siphon  which  conducts  water  to  the  gills,  and  the  anal  tube.  The 
position  and  character  of  these  notches  are  frequently  indicated  on  the 
earlier-formed  whorls  by  the  configuration  of  the  shell  and  by  deflection 
of  the  growth  lines.  External  ornamentation  is  highly  varied,  consisting 
of  revolving  or  transverse  lines,  grooves,  ribs,  frills,  or  of  nodes  or  spines. 
In  addition,  many  gastropod  shells  are  beautifully  decorated  with  a 
diversity  of  brilliant  or  delicate  hues  and  patterns. 


FIG.  120. 
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'onularids  and  a  ptcropod.      ( Winifred  Gfoldring,  New  York  State  Museum.) 


The  body  of  the  gastropod  is  united  to  the  shell  by  muscular  attach- 
ment, and  generally  the  animal  may  draw  itself  entirely  inside  for  protec- 
tion. In  many  species  an  accessory  plate  (operculum)  secreted  by  the 
foot  then  closes  the  aperture.  This  plate  is  commonly  composed  of 
horny  material  and  is  not  fossilized,  but  rarely  it  is  calcareous  and  may 
be  preserved. 

A  subordinate  division  among  the  gastropods,  which,  however,  was 
very  important  in  parts  of  Early  Paleozoic  time,  is  that  of  the  pteropods. 
These  are  rather  small,  free-swimming  forms  in  which  the  foot  is  modified 
into  two  winglike  fins.  The  shell  is  generally  a  narrow  and  straight 
pointed  tube  that  is  circular  or  triangular  in  cross-section.  Somewhat 
similar  are  the  co-nularids,  which  have  a  shell  that  is  rounded  or  quad- 
rangular in  section.  It  is  possible  that  these  last  may  be  a  type  of 
worm. 

Occurrence  of  Gastropods  in  Early  Paleozoic  Rocks.— Gastropods  are  known  from 
earliest  Paleozoic  time  down  to  the  present,  their  number  and  variety  gradually 
increasing  until  they  probably  now  enjoy  their  maximum  vigor.  More  than  twenty 
thousand  Recent  species  are  known. 

Cambrian.  At  the  base  of  the  Cambrian  the  geneia  arc  small,  archaic  lorms  that 
are  mostly  cap-shaped  and  exhibit  only  slight  tendency  to  coiling  Ne\  erthelcss,  the 
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gastropods  are  outranked  only  by  trilobites  and  brachiopods  in  number  of  known 
Cambrian  fossils.  In  some  of  the  deposits  of  this  period,  straight-shelled  pteropods 
(such  as  Hyolithes)  and  shorter,  less  flaring  tubes  (Salterella)  were  numerous.  Coiled 
gastropods  began  to  predominate  in  the  later  Cambrian,  and  in  some  of  the  Ozarkian 
formations  they  outnumber  all  other  kinds  of  organisms. 


FIG.   121. — Some  representative  types  of  Upper  Cambrian   (Ozarkian)   and  Ordovioian 

gastropods. 

Ordovician. — During  Ordovician  time  there  was  a  very  great  increase  in  the 
number,  variety,  and  relative  importance  of  the  gastropods.  In  some  of  the  Canadian 
strata  they  afford  the  best  index  fossils  available.  Very  prominent  were  the  flat  or 
low-spired  shells,  some  with  right-handed  (Ophileta)  and  some  with  loft-handed  coils 
(Maclurites,  Lecanospira).  Moderately  elevated,  well-ornamented  spiral  shells 
(pleurotomarids)  and  some  very  high,  screwlike  spires  (Hormotoma)  are  also  present. 
The  Mohawkian  and  Cincinnatian  divisions  also  contain  common  representatives  of 
this  class,  but  they  are  by  no  means  so  important  relatively.  Tins  is  largely  but  not 
entirely  due  to  the  tremendous  increase  in  the  number  and  variety  of  other  inverte- 
brates. The  Ordovician  was  a  time  of  considerable  prominence  of  gastropods,  how- 
ever, as  indicated  by  the  number  of  American  types,  about  80  genera  and  675  species. 
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Silurian  species  are  mostly  distinct  froiri  those  of  the  Ordovician,  but  there  is  no 
important  change  in  type.  The  aggregate  number  of  species  is  large.  The  chief 
types  are  (1)  coiled  in  a  single  plane  (Betterophon  and  allies),  (2)  coiled  in  an  elevated 
spire  (like  Pleurotomaria),  both  with  a  prominent  notch  or  slit  in  the  outer  margins,  and 
(3)  various  coiled  shells  with  entire  margins.  Some  Silurian  formations  contain 
enormous  numbers  of  the  fossils  called  TentaculiteSj  which  are  slender,  thick-walled 
tubes  surrounded  by  rings.  One  of  the  Upper  Silurian  formations  of  New  York  was 
known  to  older  geologists  as  the  Tentaculite  limestone.  The  Silurian  of  North  America 
contains  at  least  68  genera  and  342  species  of  gastropods. 

Cephalopods 

General  Character. — The  cephalopods  are  the  most  highly  organized 
class  of  mollusks,  the  largest  and  most  powerful  of  all  invertebrate 
animals,  and  one  of  the  most  important  groups  of  fossils.  The  best- 
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FIG.  122. — Drawings  showing  structural  characters  of  a  cephalopod  with  external 
shell  (Nautilus)  and  one  with  internal  shell  (belemnite).  (Winifred  Goldring,  New  York 
Mate  ^Museum.) 

known  living  cephalopods  are  the  pearly  Nautilus  which  has  a  coiled, 
many-chambered  shell,  and  the  cuttlefishes,  some  of  which  have  internal 
shelly  structures.  The  head  is  well  defined  in  most  types  and  is  provided 
with  large  eyes.  The  mouth  contains  jaws  armed  with  a  powerful 
horny  beak  and  is  surrounded  by  fleshy  tentacles  that  are  used  in  grasping 
objects.  Among  cuttlefishes,  the  tentacles  bear  strong  sucker  disks  and 
hooks.  The  foot  is  transformed  into  a  muscular  funnel-shaped  swim- 
ming organ  through  which  .water  may  be  ejected  so  as  to  propel  the 
cephalopod  backward  or  sideward  rapidly.  Cephalopods  breathe  by 
gills  and  are  exclusively  marine.  The  nervous,  circulatory,  digestive, 
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and  reproductive  systems  and  the  sense  organs  are  all  specialized  and  well 
developed. 

There  are  two  classes  of  cephalopods:  (1)  the  tetrabranchiates,  which 
have  four  gills  and  a  chambered  external  shell,  and  (2)  the  dibranchiates, 
which  have  two  gills  and  an  internal  shell,  or  none  at  all  (excepting 
the  female  argonaut  that  has  a  thin,  unchambered  external  shell).  The 
first  group  is  represented  by  thousands  of  fossil  species,  but  only  one,  the 
Nautilus,  still  living;  the  second  had  a  great  development  in  Mesozoic 
time  and  includes  a  variety  of  living  species.  Only  the  primitive  Nautilus- 
like  shells,  by  which  the  cephalopods  are  represented  in  the  older  Paleozoic 
rocks,  will  be  considered  now. 

Nautiloid  Cephalopods. — The  shell  of  the  Nautilus  is  coiled  in  a 
plane  and  is  bilaterally  symmetrical.  In  life  the  aperture  is  directed 
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FIG.  123. — Diagram  illustrating  form  of  cephalopod  shells  as  regards  type  of  coiling.     The 
three  tight-coiled  shells  at  right  are  shown  in  side  view  and  cross-section. 

forward,  the  shell  twisting  spirally  backward  and  upward  above  the 
animal.  Accordingly,  the  outer,  convex  part  of  the  coiled  tube  is  ventral, 
and  the  inner,  concave  part,  dorsal.  In  side  view  only  the  last-formed 
coil  (whorl)  of  the  shell  may  be  seen,  for  in  the  Nautilus  each  coil  extends 
laterally  so  as  to  envelope  and  conceal  the  inner  ones.  The  cross-section 
of  each  embracing  whorl  is  therefore  strongly  crescentic.  This  type  of 
shell  is  said  to  be  deeply  involute  and  it  is  evidently  an  advanced  or 
specialized  form  of  coiling.  Among  fossil  nautiloids  there  are  many 
examples  in  which  the  outer  whorl  only  partly  embraces  the  inner,  and 
many  in  which  the  coils  are  barely  in  contact  at  their  outer  and  inner 
margins.  Then  there  are  coiled  shells  in  which  the  whorls  do  not  touch. 
There  are  also  curved  but  uncoiled  shells,  and  finally  the  most  primitive 
type  of  all,  which  is  straight. 

The  body  of  the  Nautilus  occupies  only  the  end  portion  of  the  outer 
whorl,  this  part  of  the  shell  being  known  as  the  body  chamber.  At  the 
inner  end  of  the  body  chamber  is  a  cross  plate  (septum),  that  is  concave 
toward  the  aperture,  and  at  regular  short  spaces  throughout  the  unoc- 
cupied parts  of  the  shell  are  similar  partitions  that  were  formed  at  succes- 
sive stages  in  the  growth  of  the  animal.  These  septa  and  the  chambers 
into  which  they  divide  the  Nautilus  shell  are  characteristic  features  which 
serve  to  distinguish  it  very  readily  from  that  of  planospirally  coiled 
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gastropods.  Observation  shows  that  each  septum  is  pierced  by  a  round 
opening  which  provides  passage  for  a  tube  (siphon)  that  extends  back 
to  the  embryonic  chamber  in  the  center  of  the  shell.  In  many  of  the 
ancient  nautiloids  the  siphon  was  encased  in  a  calcareous  tube  (siphunde), 
which,  of  course,  may  be  preserved  in  the  fossils.  The  junctions  of  the 
septa  with  the  outer  wall  of  the  shell  are  termed  sutures;  they  cannot  be 
seen  from  the  exterior  unless  the  outer  shell  is  broken  or  worn  away. 
The  sutures  of  Early  Paleozoic  cephalopods  are  straight  or  gently  curved, 
but  those  of  later  time  became  angulated  and  extremely  complex  in 
pattern.  External  ornamentation  consists  merely  of  color  bands  and 
faint  curving  growth  lines  in  the  modern  Nautilus.  The  majority  of 
fossil  nautiloids  have  smooth  shells,  but  some  had  strong  ribs  or  spines, 
and  in  a  few  cases  indications  of  a  color  pattern  have  been  preserved. 

,  Occurrence  of  Cephalopods  in  Early  Paleozoic  Deposits.  Cambrian. — The 
sudden  advent  of  a  varied,  well-advanced  cephalopod  fauna  in  the  Upper  Cambrian 
(Ozarkian)  beds  indicates  the  existence  and  gradual  development  of  this  important 
group  in  some  region  during  earlier  Cambrian  time.  The  small  straight-shelled  forms 
called  Volborthella  and  Salterella,  which  occur  in  Lower  Cambrian  beds,  are  regarded 
by  some  paleontologists  as  primitive  cephalopods,  but  there  are  reasons  for  doubting 
that  they  properly  belong  here. 

Ordovician. — Nautilpid  cephalopods  are  numerous  in  some  of  the  Ordovician 
formations,  appearing  commonly  first  in  the  lower  (Canadian)  part  of  the  system. 
Straight  (Orthoceras,  Endoceras)  and  slightly  curved  (Cyrtoceras)  shells  greatly  pre- 
dominate, but  there  are  several  genera  of  loosely  coiled  and  close-coiled  shells.  In 
one  group  (Lituitidae)  there  is  evidence  of  the  decadence  of  a  former  tightly  coiled 
stock,  for  the  shells  are  well,  coiled  in  the  youthful  stages  but  revert  to  the  primitive 
straight  form  in  the  adult  stage.  In  another  (Plectoceratidae)  the  growth  of  the  shell 
follows  roughly  the  elevated  spiral  form  of  a  gastropod,  an  even  greater  deviation 
from  the  typical  cephalopod  shell  form.  The  Ordovician  straight-shelled  cephalopods 
are  characterized,  in  general,  by  the  large  size  of  the  siphuncle,  by  the  filling  of  it  in 
many  genera  with  mineral  deposits,  and  by  the  large  size  of  some  of  the  shells^  esti- 
mated to  have  had  a  length  up  to  15  feet.  The  majority  of  these  shells  were  smooth 
externally,  but  several  bore  transverse  ribs,  and  in  mid-Ordovician  time  some  with 
longitudinal  ridges  also  appeared.  In  none  of  the  coiled  cephalopods  is  there  appreci- 
able lateral  overlapping  of  a  whorl  on  the  one  next  within,  each  part  of  the  shell  being 
therefore  subcircular  in  cross-section.  There  were  upwards  of  50  genera  and  350 
species  of  cephalopods  in  the  Ordovician  of  North  America. 

Silurian. — The  culmination  of  nautiloid  cephalopods — those  with  relatively 
simple  septa  and  sutures — was  reached  in  Silurian  time  when  the  greatest  number  and 
variety  of  these  animals  existed.  On  the  average  they  were  not  so  large,  perhaps,  as 
their  predecessors,  and  the  size  of  the  siphuncle  and  the  prevalence  of  filling  deposits 
were  notably  reduced.  A  peculiarity  of  several  genera  (Trimeroceras,  Gomphoceras, 
and  others)  was  the  constriction  of  the  aperture  to  an  opening  so  narrow  that  move- 
ments of  the  animal  must  have  been  greatly  hindered.  Such  a  specialization,  like  the 
screw-shaped  spiral  shells  which  were  more  numerous  in  the  Silurian  than  other 
periods,  is  a  character  indicating  decline  or  abnormal  specialization,  and  presaging 
extinction  of  these  branches  of  the  nautiloid  siock.  The  proportion  of  coiled  shells 
was  greatly  increased  in  Silurian  time,  the  number  approximately  equaling  that  6f  the 
straight  and  curved  tvpes.  Before  the  close  of  the  period,  the  first  of  the  more 
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complexly  sutured  cephalopoda  (am monoids),  to  be  described  later,  had  appeared. 
The  American  Silurian  contains  about  41  genera  and  240  species  of  cephalopods.  ) 


J?IG.  1Z4. — some  representative  types  oi  ttarly  ir'aleozoic  cephalopoda.     (About  one-fourth 

natural  size.) 

Trilobites 

General  Character. — The  most  interesting  of  all  invertebrate  fossils 
to  the  average  person  are  the  trilobites.     This  is  partly  due  perhaps  to 
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the  easily  recognized  character  of  the  head,  eyes,  segmented  body,  and 
tail,  and  partly  to  the  obvious  biologic  advancement  and  approach  to 
such  familiar  creatures  as  lobsters,  crabs,  and  insects.  Indeed,  trilobites 
are  probably  the  direct  or  indirect  ancestors  of  all  other  joint-legged 
invertebrates  (Arthropoda)  which  surpass  in  number  of  species  all  other 
classes  of  animals  combined.  For  this  reason,  and  because  the  trilobites 
are  very  numerous  and  valuable  index  fossils  in  many  Paleozoic  forma- 
tions, they  occupy  a  position  of  importance. 


Celon 


Thora: 


Pyfcidium 


Fio.   125. — Diagram  showing  parts  of  a  trilobite  (Triarthrua,  Ordo vician) .     The  limbs, 
shown  on  one  side  of  the  test,  are  preserved  only  in  most  exceptional  casea. 

Trilobites  were  protected  on  the  dorsal  side  by  a  hard  shelly  structure 
consisting  of  chitin  impregnated  by  calcium  carbonate.  The  shell,  or 
test,  is  longitudinally  three-lobed,  with  an  axial  and  two  side  (pleural) 
regions  that  are  commonly  well  defined  on  hesid(cephalori),  thorax,  and 
tail  (pygidiuni).  The  dorsal  test  is  the  only  part  commonly  preserved, 
and,  since  it  is  rather  easily  separated  into  segments,  one  finds  these 
fragments  much  more  frequently  than  a  complete  test.  As  shown  by  a 
few  remarkably  well-preserved  fossils,  these  animals  had  delicate 
antennae,  numerous  legs  that  were  used  for  crawling  or  swimming,  and 
breathing  organs. 

The  central  lobe  of  the  head  (glabella)  is  generally  well  defined. 
Typically,  it  is  divided  transversely  into  five  lobes  which  represent  the 
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original  segments  that  consolidated  to  form  the  head  and  correspond  to 
the  five  pairs  of  appendages  on  the  ventral  side  of  the  head.  The  lateral 
portions  of  the  head  are  each  divided  by  a  line  of  parting  (facial  suture) 
into  two  parts,  an  inner  (fixed  cheek)  attached  to  the  glabella  and  an  outer 
(free  cheek)  that  carries  the  eyes.  In  the  most  primitive  order  of  tri- 
lobites  (Hypoparia)  the  fixed  cheeks  make  up  all  or  nearly  all  of  the  dorsal 
side  of  the  head  shield,  excepting  the  glabella,  the  facial  suture  being 
marginal  or  ventral.  In  the  more  advanced  orders  the  free  cheek 
shows  clearly  on  the  dorsal  side,  the  suture  intersecting  the  posterior 
margin  of  the  cephalon  (Opisthoparia)  or  the  lateral  margin  (Proparia) 


FIG.  126. — A  small  slab  of  Middle  Cambrian  rock  from  Newfoundland  that  contains 
large  numbers  of  disjointed  head  and  tail  shields  of  the  minute  trilobite,  Eodiscus.  (C.  E. 
Resaer,  U.  S.  National  Museum.) 

in  advance  of  the  posterolateral  angle  (genal  angle),  which  in  some  cases 
is  prolonged  in  a  spine.  Most  trilobites  had  a  pair  of  slightly  raised,  out- 
ward-facing compound  eyes  with  numerous  facets,  and  there  is  evidence 
in  some  of  a  median  simple  eye  on  the  rear  lobe  of  the  glabella.  The 
number  of  facets  of  the  compound  eyes  is  surprisingly  great,  the  maxi- 
mum being  about  15,000.  Some  trilobites  were  blind.  The  segments 
of  the  thorax  were  jointed  and  permitted  slight  movement,  but  flexibility 
sufficient  to  bring  the  tail  under  the  head  and  thus  protect  the  vulnerable 
ventral  parts  was  apparently  not  developed  in  the  earliest,  most  primitive 
genera.  The  pygidium,  like  the  head  shield,  is  evidently  formed  from 
several  segments,  for  its  superficial  markings  and  the  paired  appendages 
beneath  it  seem  to  indicate  ancestral  separated  segments. 

Evolutionary  Characters. — Stages  in  the  development  of  the  trilobite 
individual  are  determinable  by  means  of  the  successively  cast-off  or 
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molted  shells.  During  the  larval  (protaspis)  stage  when  only  a  cephalon 
and  a  pygidium  were  present,  there  were  commonly  several  molts;  during 
the  adolescent  stage  there  were  molts  at  the  time  of  adding  each  thoracic 
segment;  and  during  adult  life  there  were  further  molts  that  permitted 
increase  in  size  but  did  not  increase  the  number  of  segments.  The  char- 
acters exhibited  during  these  changes  are  significant  in  establishing  the 
direction  of  evolutionary  modification  in  the  different  groups  of  trilobites, 
for  the  life  history  of  the  individual  recapitulates  more  or  less  completely 
the  history  of  the  race.  In  the  Cambrian  there  are  numerous  adult 
trilobites  (Agnostus,  Eodiscus)  that  have  a  form  corresponding  to  a  very 
early  postlarval  stage  in  more  advanced  species.  As  shown  by  studies 
of  growth  stages,  and  by  the  order  in  geologic  time  of  the  development 
of  various  adult  characters,  the  features  that  chiefly  mark  evolution 
among  the  trilpbites_are..(l)  position  of  the  facial  suture,  (2)  nature  and 
location  of  the  eyes,  (3)  changes  in  the  glabella,  (4)  suppression  or  over- 
development of  anatomical  features,  and  (5)  ornamentation. 

^Occurrence  of  Trilobites  in  Early  Paleozoic  Rocks.  Cambrian. — Trilobites  not 
only  occur  in  the  oldest  known  fossil-bearing  beds  of  Cambrian  age,  but  they  are  the 
most  abundant  class  of  organisms.  Their  complexity  of  structure  and  variety  of 
form  indicate  clearly  that  the  beginning  of  the  trilobites  must  date  back  into  pre- 
Cambrian  time.  More  than  65  genera  and  several  hundred  species  have  been 
described  from  the  Cambrian,  and  it  is  estimated  that  over  1,000  undescribed  species 
are  contained  in  collections  of  the  United  States  National  Museum  (Resser).  As 
compared  with  trilobites  of  later  Paleozoic  time,  those  of  the  Cambrian  show  several 
distinguishing  features.  (1)  Very  small,  larva-like  genera  with  subequal,  relatively 
large  head  and  tail  shields  and  only  two  or  three  thoracic  segments  are  common 
(Agnostidae,  Eodiscidae).  (2)  Another  more  heterogeneous  group,  characterized 
by  a  long  body  with  a  large  number  of  thoracic  segments  and  a  very  small  pygidium, 
is  prominent  (Conocoryphidae,  Mesonacidae,  Paradoxidae,  Olenidae).  (3)  Species 
without  eyes,  or  only  simple  eyes,  are  numerous,  and  the  majority  of  those  with 
compound  eyes  have  verjf  small  ones  set  well  away  from  the  glabella.  (4)  The 
glabella  commonly  shows  a  distinct  division  into  lobes,  and  the  longitudinal  three- 
lobed  character  of  the  carapace  is  always  strongly  defined.  (5)  Surface  ornamentation 
and  excessive  development  of  spines  are  rare.  On  the  other  hand,  there  are  numerous 
examples  of  specialization.  Some  of  the  Lower  Cambrian  trilobites  had  very  long 
spines  and  several  genera  are  distinguished  by  unusually  large  caudal  shields.  In 
size,  the  trilobites  of  this  period  ranged  from  shells  less  than  K  inch  in  length  to  more 
than  18  inches  (Paradoxides  and  Wanneria). 

Ordovician. — The  greatest  profusion  and  variety  of  trilobites  appear  in  Ordovician 
rocks,  for  this  period  marks  the  culmination  of  the  class.  Seven  of  the  Cambrian 
families  and  fifteen  new  ones  are  represented,  which  means  that  every  trilobite  family 
except  those  restricted  to  the  Cambrian  is  accounted  for.  Anong  the  Hypoparia 
are  several  interesting  forms  with  a  very  large  head  shield  bearing  a  broad  pitted  brim 
and  long  genal  spines  (Harpes,  Cryptolithus),  while  only  a  few  of  the  minute  larviform 
species  remain.  In  one  group  (Ampyx)  the  glabella  carries  a  prominent  forward  or 
upward  projecting  spine.  The  Opisthoparia  contain  types  that  are  long-bodied  and 
fairly  conservative  (Triarthrus)}  specialized  in  the  development  of  snoutlike  anterior 
projections  of  the  cephalon  (Megalaspis,  Hoplolichas),  or  bizarre  spinose  ornamenta- 
tion (Acidaspis,  Ceratocephala);  and  decadent  in  the  obsolescence  or  loss  of  typical 
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FIG.  127.— Some  representative  types  of  Cambrian  trilobites. 
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FIG.  128. — Some  representative  types  of  Ordovician  and  Silurian  trilobites. 

natural  size.) 


(One-half 
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features  of  the  Head  and  tail  (Illaenus,  Bumastus).  In  some  genera  there  is  no  trace 
of  lobation  of  the  glabella,  and  the  glabella  itself  may  become  indistinct.  In  Cyclopyge 
there  is  a  remarkable  development  of  the  eyes  which  are  expanded  to  cover  the  entire 
outer  thirds  of  the  cephalon.  The  Opisthoparia  are  more  abundant  than  in  any  later 
period.  In  the  majority  of  this  group  the  structural  characters  are  conservative;  the 
glabella  is  distinct  and  generally  furrowed,  the  eyes  are  commonly  small,  and  the 
pygidium  bears  clerfr  surficial  segmentation.  Almost  all  of  the  Ordovician  trilobites 
were  able  to  roll  up  so  as  to  conceal  the  ventral  region,  and  many  fossils  in  this  rolled- 
up  position  are  found.  The  largest  known  trilobite  is  from  Ordovician  strata  in 
Europe.  It  had  a  length  of  about  27  inches.  Some  American  specimens  (Isotelus 
maximus)  attained  a  length  of  nearly  24  inches. 

Silurian. — The  Silurian  history  of  the  trilobites  is  marked  mainly  by  the  disap- 
pearance of  certain  of  the  earlier  genera  and  families,  and  the  relatively  greater 
prominence  of  the  proparian  group.  There  were  only  half  as  many  families  in  the 
Silurian  as  in  the  Ordovician;  the  number  of  genera  was  reduced  about  one-half  (99 
to  47)  and  the  number  of  species  from  about  390  to  180.  The  lines  of  development 
that  have  been  noted  continued.  One  large  group  was  conservative,  another  carried 
to  an  extreme  the  tendency  to  overdevelop  certain  features  or  to  become  spinose,  and 
a  third  lost  almost  all  trace  of  the  fundamental  trilobate  plan  of  the  shell.  Some  of 
the  most  common  and  important  genera  arc  Illaenus,  Lichas,  Calymene,  Homalonotus, 
Cheirurus,  and  Dalmanites^\ 

\y6stracodes 

fostracodes  are  minute,  commonly  microscopic,  bivalve  crustaceans 
that  (excepting  one  or  two  families)  are  restricted  to  the  sea}  |fhey 
occur  in  vast  numbers\and  a  study  of  the  microscopic  fossils  that  may 
be  washed  out  of  mogt  marine  shale  or  shaly  limestone  deposits  shows 
that<(ostracodes  are  common  and  highly  varied  in  rocks  of  all  ages  back 
to  the  Early  Ordovician\  The  majority  of  genera  and  species  are  not 
long-ranging  vertically,  which  fact,  together  with  wide  geographic  distri- 
bution and  large  numbers,  makes  them  valuable  index  fossils.  In  recent 
years  they  have  served  especially  in  helping  to  identify  and  correlate  the 
rocks  penetrated  ija  oil  wells,  for,  in  spite  of  the  action  of  drilling  tools, 
many  perfect  specimens  can  often  be  found  in  the  well  cuttings. 

(The  valves  of  the  ostracode  shell  are  generally  somewhat  elliptical  in 
outline,  commonly  with  a  straight  hinge  line,  and  with  a  diversity  of 
surface  markings  that  consist  chiefly  of  raised  lobes  and  depressed  grooves 
or  pits.  Some  have  a  beautiful  network  surface  ornamentation,  broad 
flangelike  frills,  or  projecting  spines  (see  Fig.  207J^| 

Ordovician  and  Silurian  rocks  contain  an  abundance  of  genera  and  species  of 
ostracodes,  and  in  some  formations  specimens  may  be  collected  by  thousands.  Ulrich 
and  Bassler  have  recently  described  no  less  than  30  genera  (17  new)  and  228  species 
(215  new)  of  ostracodes  from  the  Silurian  of  eastern  North  America. 

Other  Arthropods 

Eurypterids. — The,  eurypterids  are  an  interesting  group  of  extinct 
arthropods  which  include  the  largest  animals  of  this  phylum,  measuring 
up  to  9  feet  in  length.  The  body  was  elongate,  with  a  thin  chitinous 
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segmented  shell.  The  head  region  bore  on  (he  dorsal' side  a  pair  of 
large  compound  eyes  and  another  pair  of  median  simple  eyes,  and  on  the 
ventral  side  six  pairs  of  appendages,  some  of  which  in  certain  forms  were 
armed  with  pincers.  The  tail  (telson)  was  long  and  pointed  or  flat  and 
spatulate.  The.  presence  of  gills  shows  that  the  eurypterids  were  aquatic, 
and  the  structure  of  the  appendages  indicates  that  they  were  mostly 
mud  crawlers,  though  some  were  probably  good  swimmers.  They  are 


Flo.  129. — Upper  Silurian  ourypterids  from  Now  York.  The  upper  views  show  the 
ventral  side  of  the  anterior  region.  (From  models  hi/  Rudolf  tiu«f<  ttninn  in  New  York  State 
Museum.) 

found  associated  with  marine  fossils  in  Cambrian,  Ordovician,  and 
Silurian  rocks,  but  some  appear  to  have  become  adapted  to  a  brackish- 
water  environment,  and  those  known  from  the  Pennsylvanian  occur  with 
a  fresh-water  fauna.  One  eurypterid  is  known  in  the  Cambrian.  Six 
genera  and  16  species  are  reported  from  the  Ordovician,  and  8  genera  and 
35  species  from  the  Silurian. 

Scorpions. — A  few  specimens  of  scorpions,  almost  identical  in  appear- 
ance with  modern  examples,  are  found  in  Silurian  strata  of  North  America 
and  northern  Europe.  The  fossils  indicate  by  certain  structural  features 
and  by  association  that  they  were  aquatic  in  habit,  but  it  is  clear  that 
scorpions  of  Pennsylvanian  age  had  become  adapted  to  life  on  the  lands, 
breathing  air. 
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Fishes 

The  earliest  known  fish  remains,  representing  the  very  primitive 
group  called  ostracoderms,  occur  in  Upper  Ordovician  sandstone  (Harding) 
of  eastern  Colorado  and  Wyoming.  These  are  bony  fragments  that 
reveal  little  of  the  nature  of  the  fishes  themselves,  but  in  later  Paleozoic 
strata  both  marine  and  fresh- water  species  are  well  shown.  The  Silurian 
rocks  contain  scattered  bony  spines  that  were  borne  by  some  of  the  early 
sharklike  animals.  More  detailed  consideration  of  fossil  fishes  will  be 
reserved  for  the  chapter  on  life  of  the  later  Paleozoic  periods. 

SUMMARY  OF  LIFE  EVOLUTION 

Cambrian  Period. — The  dominant  animals  of  Cambrian  time  were  the 
trilobites,  fossil  remains  of  which  outnumber  all  other  classes.  Brachio- 


Fio.  130.—  A  large  slab  of  ripple-marked  Upper  Cambrian  sandstone  from  eastern 
New  York,  showing  peculiar  trails  thought  to  have  been  made  "by  a  very  large  annelid 
worm.  (U.  S.  National  Museum.} 

pods  were  second  in  importance,  and  gastropods  third.  Archeo- 
cyathinae  were  important  locally,  building  reefs  that  are  as  large  as  any 
known  in  the  Paleozoic.  Several  types  of  sponges  are  found,  and  worm 
borings  are  abundant  in  some  beds.  The  rarity  of  hydrozoans  and 
echinoderms,  and  the  absence  of  bryozoans  and  peiecypods,  is  noteworthy, 
but,  in  view  of  the  biologically  advanced  character  of  these  classes  and 
their  variety  as  seen  in  Ordovician  rocks,  it  can  hardly  be  assumed  that 
they  were  actually  nonexistent  in  the  Cambrian  period.  Indeed,  it  is 
probable  that  all  originated  in  pre-Cambrian  time,  either  living  in  regions 
other  than  those  where  fossiliferous  Cambrian  occurs  or,  more  plausibly, 
failing  to  leave  a  fossil  record  because  of  a  lack  of  hard  parts.  The 
sudden  appearance  and  advanced  nature  of  the  known  Cambrian  faunas, 
especially  of  the  trilobites,  present  a  similar  problem  which  is  explainable 
in  part  if  we  accept  the  opinion  of  some  geologists  that  most  of  the  known 
pre-Cambrian  sediments  are  nonmarine.  However,  this  assumption 
appears  to  have  doubtful  validity. 
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A  well-defined  differentiation  of  faunal  provinces  first  appears  in  the 
Cambrian.  It  is  controlled  by  the  distribution  of  the  shallow  seas.  The 
dominant  fossils  characteristic  of  these  provinces  and  also  the  chief  zone 
fossils  of  the  Cambrian  are  the  trilobites.  In  each  province  and  each 
stratigraphic  series  there  are,  in  many  cases,  trilobite  genera  and  species 
that  are  restricted  to  it.  (1)  The  seas  that  invaded  the  Cordilleran  and 
Appalachian  troughs  were  mostly  of  northern  origin;  the  faunas  may  be 


FIG.  131.— Fossils  from  the  Middle  Cambrian  Burgess  shale,  British  Columbia.     (C.  D. 

Walcott.) 

termed  Arctic.  The  trilobite  family  Mesonacidae,  of  which  Olenellus  is 
one  of  the  most  widespread  and  typical  kinds,  is  characteristic  of  the 
Lower  Cambrian  of  this  province.  Many  genera  in  the  Middle  and 
Upper  Cambrian  faunas  indicate  an  Arctic  origin.  (2)  A  Pacific  fauna 
invaded  eastern  Asia  and  western  North  America.  This  contains  a  very 
prolific  assemblage  in  which  the  trilobite  genera  Redlichia  in  the  Lower 
Cambrian,  Dorypyge  in  the  Middle  Cambrian,  and  Crepicephalus  in  the 
Upper  Cambrian  are  especially  characteristic.  (3)  The  Atlantic  fauna 
is  represented  in  North  America  only  in  southeastern  Newfoundland, 
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New  Brunswick,  Nova  Scotia,  and  eastern  Massachusetts.  There  are 
local  occurrences  of  this  fauna  in  the  Middle  Cambrian  of  Vermont  and 
the  Upper  Cambrian  of  Alabama.  Characteristic  trilobite  genera  of 
this  fauna  are  Holmia  and  Callavia  in  the  Lower  Cambrian,  Paradoxides 
in  the  Middle  Cambrian,  and  Olenus  and  Peltura  in  the  Upper  Cambrian. 

The  Burgess  Shale  Fauna. — Consideration  of  the  life  in  Cambrian  times  calls  for 
special  mention  of  the  remarkable  fossil  locality  discovered  by  Walcott  on  the  slopes 
of  Mt.  Wapta,  about  3,000  feet  above  the  town  of  Field,  on  the  Canadian  Pacific 
railway,  in  British  Columbia.  The  fossils  occur  in  the  Middle  Cambrian  Burgess 
shale,  about  7  feet  thick.  Thousands  of  specimens,  representing  some  75  genera  and 
140  species,  have  been  collected.  However,  the  interesting  feature  is  not  the  number 
but  the  marvelous  preservation  and  unusual  character  of  the  majority  of  the  organ- 


FIG.  132. — Two  remarkable  trilobite  specimens  (Neolenus)  showing  appendages  in 
place.  From  the  Middle  Cambrian  Burgess  shale,  British  Columbia.  (C.  E.  Resscr,  U.  *Sf. 
National  Museum.) 

isms.  Many  of  them  are  entirely  lacking  in  liaid  parts,  yet  delicate  appendages  and 
even  internal  structures  are  clearly  shown.  The  nature  ot  the  shale  which  is  a  very 
fine-grained  dark  hard  shale,  suggests  that  this  deposit  accumulated  in  a  stagnant, 
unoxygenated  depression  of  the  sea  bottom  where  no  scavenging  animals  or  the  usual 
decomposing  bacteria  could  live.  The  fossilized  creatures  were  almost  all  floaters  or 
swimmers,  living  near  the  surface,  and  when  they  sank  to  the  foul  bottom  ooze,  even 
the  soft-bodied  jellyfish  were  nearly  perfectly  preserved.  The  fauna  consists  of 
sponges,  worms,  holothurians?,  jellyfish,  pteropods,  trilobites,  and  a  variety  of  other 
crustaceans;  there  are  algae  also.  It  affords  an  illuminating  glimpse  of  the  variety  of 
life  that  is  mostly  missing  from  the  paleontologic  record. 

Ordovician  Period. — The  life  of  Ordovician  time  is  broadly  char- 
acterized by  appearance  for  the  first  time  of  representatives  of  all  the 
invertebrate  phyla,  almost  all  in  goodly  numbers.  The  groups  that 
composed  the  Cambrian  faunas  are  distinguished  by  a  variety  of  evolu- 
tional advances,  and  in  each  a  larger  number  of  species  is  known.  The 
dominant  classes,  in  the  order  of  total  number  of  different  species,  are 
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(1)  gastropods,  (2)  brachiopods,  (3)  bryozoans,  (4)  trilobites,  (5)  pelecy- 
pods,  (6)  cephalopoda,  and  (7)  graptolites,  all  but  the  last  having  more 
than  350  species.  This  ranking  is  not  necessarily  the  most  significant, 
because  some  beds  may  contain  millions  of  individuals  of  a  single  species 
which  thus  may  dominate  the  fauna.  The  distinguishing  structural 
characters  of  these  groups  in  Ordovician  time  have  been  reviewed. 

The  main  zone  fossils  in  Ordovician  deposits  include  several  kinds 
of  invertebrates,  and  calcareous  algae  of  the  type  called  Cryptozoon. 
The  latter  occurs  especially  in  the  basal  part  of  the  system,  as  well  as  in 
the  Ozarkian.  Gastropods  of  several  sorts,  chiefly  flat-spired  or  coiled 
in  a  plane,  are  characteristic  of  some  formations,  and  one  very  widespread 
zone  is  marked  by  the  presence  of  a  thick,  cone-shaped  gastropod  oper- 
culum  (Ceratoped).  Among  the  brachiopods,  bryozoans,  and  trilobites, 
there  are  numerous  important  index  fossils,  and  in  some  cases  the  abun- 
dance of  certain  species  aids  in  identifying  a  zorie.  Graptolites  are  espe- 
cially useful  in  distinguishing  the  age  of  beds  in  which  they  occur,  for  they 
were  widespread  and  abundant,  but  the  species  were  mostly  short-lived. 

Faunal  provinces  are  clearly  recognized  but  changes  in  extent  and  in 
connection  of  the  seas  that  invaded  the  continent  complicate  the  record. 
At  times  of  greatest  marine  inundation,  free  intermigration  of  bottom- 
living  organisms  was  possible  and  the  fauna  took  on  a  correspondingly 
cosmopolitan  character.  The  regions  of  black  shale  deposition  and 
abundant  graptolite  development,  which  were  located  mainly  along  the 
eastern  side  of  the  Appalachian  geosyncline,  are  distinguished  faunally 
from  the  interior  seas  in  which  different  sediments,  mainly  limestone, 
were  accumulated.  This  has  been  interpreted  to  mean  that  a  land 
barrier  separated  these  areas,  but  it  may  have  been  due  partly  or  wholly 
to  differences  in  environment  that  are  not  clearly  understood. 

The  chief  characteristics  of  Ordovician  life  are  the  profusion  of  marine 
invertebrates  representing  almost  all  classes,  the  great  variety  and  biologic 
advancement  as  compared  with  Cambrian  organisms,  and  the  archaic 
character  of  several  of  the  groups,  especially  cephalopods,  echinoderms, 
and  bryozoans,  as  compared  with  Silurian  and  later  Paleozic  time.  The 
first  fishlike  animals  are  known  from  Ordovician  rocks. 

Silurian  Period. — The  faunas  of  Silurian  time  more  closely  resemble 
the  Ordovician  than  those  of  the  Ordovician  resemble  the  Cambrian. 
The  most  noteworthy  changes  were  (1)  a  marked  increase  of  stroma- 
toporoids  and  decrease  of  graptolites,  (2)  a  tremendous  increase  among 
the  corals,  (3)  a  greater  prominence  of  echinoderms,  especially  crinoids, 
(4)  an  advance  of  the  brachiopods  to  a  point  near  the  acme  of  their 
career,  and  (5)  a  considerable  decline  of  the  trilobites.  The  number  of 
gastropod  species  is  little  more  than  half  that  of  the  Ordovician,  but  this 
is  not  very  significant.  Some  of  the  differences  in  numbers  of  described 
fossil  species  may  be  due  to  the  fact  that  the  Silurian  is  neither  so  thick 
nor  so  widespread  in  America  as  the  Ordovitian. 
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CHAPTER  XVI 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  DEVONIAN  TIME 

The  Devonian  period,  which  introduces  the  Late  Paleozoic  subera, 
is  an  important  chapter  in  earth  history,  for  sedimentary  deposits  of  this 
age  several  thousands  of  feet  in  thickness  occur  on  each  of  the  continents. 
The  seas  again  invaded  North  America,  covering  it  most  extensively  in 
the  medial  and  late  parts  of  the  period.  Fossils  in  the  marine  formations 
are  commonly  abundant  and  in  many  places  they  are  exceptionally  well 
preserved,  attracting  the  special  attention  of  collectors  and  paleontolo- 
gists. Among  interesting  features  in  the  record  of  this  period  are  the 
extraordinary  development  of  continental  deposits,  the  appearance  in 
these  of  the  oldest  known  land  flora,  and  the  first  evidence  of  land  verte- 
brates. There  are  also  many  fossil  fishes  that  throw  light  on  evolution 
of  the  early  vertebrates. 

It  is  appropriate  to  mention  here  what  we  may  term  the  human  side 
of  the  Devonian,  that  is,  the  impress  on  geologic  science  and  on  man's 
thought  in  general  that  has  come  from  studies  of  Devonian  rocks  and 
their  contained  fossils.  These  studies  have  been  the  special  pursuit  of 
several  distinguished  geologic  workers.  There  is  Hugh  Miller  of  Scot- 
land, stonemason  by  profession,  who  became  interested  in  the  fossil  fishes 
and  other  organic  remains  in  the  Devonian  Old  Red  sandstone  of  Britain 
and  wrote  about  them  in  masterly  style.  His  essays,  assembled  in  book 
form  under  the  title  "The  Old  Red  Sandstone"  (1841),  have  led  a  multi- 
tude of  readers  to  better  comprehension  and  increased  appreciation  of 
the  subject  of  earth  history.  In  America,  we  may  specially  mention 
James  Hall  (1811-1898)  and  John  M.  Clarke  (1857-1925),  both  of  New 
York  and  both  leading  contributors  to  geologic  knowledge,  who  devoted 
most  of  their  lives  to  studies  of  the  Devonian  and  its  fossils.  Also  note- 
worthy is  the  work  of  the  Canadian  geologist,  Sir  William  Dawson,  who 
did  much  in  making  known  the  earliest  known  plant  life  of  the  lands,  of 
Devonian  age,  and  in  studies  of  the  Devonian  rocks  of  eastern  Canada. 

Definition  of  the  Devonian. — The  Devonian  system  comprises  the 
rocks  that  are  intermediate  in  age  between  the  Silurian  and  the  Mississip- 
pian,  or  Lower  Carboniferous.  The  type  section  of  the  Devonian  is 
located  in  the  county  of  Devonshire,  in  southwestern  England.  The 
rocks  of  this  type  section  contain  marine  fossils,  but  in  country  to  the 
north  (Wales,  western  England,  Scotland)  some  10,000  feet  or  more  of 
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red  sandstores  and  shales  lie  between  the  Silurian  and  Carboniferous 
rocks.  These  red  strata,  which  are  known  as  the  Old  Red  sandstone, 
are  relatively  barren  of  fossils,  but  at  certain  horizons  remains  of  fresh- 
water fishes  and  land  plants  are  found. 

The  lower  and  upper  boundaries  of  the  Devonian  are  marked  in  many 
places  by  unconformities,  but  in  others,  where  the  strata  of  successive 
systems  are  conformable,  the  lines  of  division  are  assigned  on  the  basis 
of  changes  in  the  nature  of  the  fossil  faunas.  For  example,  in  Bohemia 
no  physical  break  between  the  Silurian  and  Devonian  is  evident,  and  the 
base  of  the  Devonian  is  somewhat  arbitrarily  placed  at  the  horizon  where 
certain  fossils  of  Devonian  affinities  first  appear.  The  conditions  in 
North  America  are  much  the  same  as  in  Europe.  Unconformities  define 
the  limits  of  the  Devonian  in  most  regions,  but  there  is  a  problem  in  the 
Ohio  Valley  as  to  the  boundary  between  the  Devonian  and  Mississippian 
systems. 


FIG.  133.— James  Hall  (1811- 
1898). 


FIG.    134.~~John    M.    Clarke 
(1857-1925). 


GENERAL  CHARACTER  AND  DIVISIONS 

Lithologic  Features.— Like  the  older  Paleozoic  systems,  the  Devonian 
contains  deposits  of  conglomerate,  sandstone,  shale,  and  limestone. 

The  conglomerates  occur  chiefly  in  the  upper  part  of  the  Devonian 
in  the  Appalachian  region.  They  are  mostly  part  of  a  great  volume  of 
continental  sediments  (Catskill)  that  were  deposited  by  streams.  Some 
of  the  widespread  thin  conglomerate  beds  (Chemung)  are  apparently 
marine  and,  in  part  they  may  represent  beach  deposits  of  advancing  or 
retreating  shallow  seas. 

Sandstone  occurs  in  thick  beds  and  also  in  very  thin,  flaggy  layers. 
Some  formations  consist  very  largely  of  sand  but  others  contain  only 
occasional  sandy  layers.  The  texture  of  the  sand  ranges  from  very  coarse 
to  extremely  fine.  Reddish  sandstone  is  a  prominent  constituent  of  the 
nonmarine  deposits  (Catskill)  which  attain  an  aggregate  thickness  of 
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several  thousand  feet.  An  extensive  but  generally  thin  sandstone 
(Oriskany)  in  the  lower  part  of  the  Devonian  in  the  Appalachian  area  is 
distinguished  in  many  places  by  the  remarkable  purity  of  the  quartz 
sand,  which  makes  it  useful  for  glass  manufacture.  Sand  deposition 
occurred  chiefly  in  the  late  part  of  Devonian  time  in  the  Appalachian 
region. 

•  Shale  is  a  very  important  type  of  rock  in  the  Devonian  system, 
especially  in  the  middle  and  upper  parts  of  the  section.  The  aver- 
age thickness  of  shale  in  parts  of  the  New  York  and  Pennsylvania 
Devonian  is  over  7,000  feet.  Most  of  this  shale  (Hamilton,  Portage, 
Chemung)  is  bluish-gray  and  somewhat  sandy,  but  there  are  large 


FIG.  135. — The  Helderberg  escarpment  formed  by  resistant  Lower  Devonian  rocks,  near 
Indian  Ladder,  N.  Y.     (N.  H.  Darton,  U.  S.  Geol.  Survey.) 

amounts  of  clayey  and  calcareous  shale,  and  there  is  much  black  fissile 
bituminous  shale  (Marcellus,  Genesee).  The  shale  deposits  are  almost 
entirely  marine,  but  there  are  nonmarine  reddish  and  greenish  clay  beds 
(Catskill). 

Limestone  is  not  so  important  quantitatively,  or  in  proportion  to 
other  types  of  sediment,  as  in  some  of  the  older  Paleozoic  systems,  but 
there  are  many  places,  as  in  Missouri,  Iowa,  and  the  Rocky  Mountains, 
where  the  Devonian  deposits  consist  almost  entirely  of  limestone. 
Limestones  comprise  the  lower  part  of  the  Devonian  section  in 
the  Mississippi  Valley  region,  where  the  total  thickness  of  the  system  is 
generally  less  than  300  feet.  Limestone  is  prominent  also  in  the  Lower 
Devonian  of  the  Appalachian  region.  The  Middle  Devonian  limestone 
(Onondaga)  of  New  York,  which  is  about  150  feet  thick,  grades  laterally 
into  shales  in  Pennsylvania.  Limestone  is  the  dominant  and  often  the 
only  lithologic  element  in  the  lower  part  of  the  Devonian  section  of 
southern  Canada  and  the  Mackenzie  River  Basin.  The  limestones  varv 
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widely  in  composition.  Some  are  dolomitic  and  almost  barren  of  fossils; 
others  are  mostly  pure,  light-colored,  thin-bedded  to  massive,  and  very 
fossiliferous.  Chert  is  abundant  in  some  formations. 

Divisions. — The  Devonian  rocks  of  North  America  are  commonly 
divided  into  three  major  parts  that  are  designated  by  the  terms  Lower, 
Middle,  and  Upper.  Each  of  these  parts  contains  a  number  of  forma- 
tions. The  standard  Devonian  section  for  North  America  is  that  of 
New  York  State  which  offers  a  practically  unbroken  record  of  sedimenta- 
tion covering  the  entire  period.  Indeed,  the  New  York  section  of  this 
system  is  one  of  the  best  in  the  world  and  except  for  slight  priority  in 
publication  of  the  name  Devonian  we  should  probably  now  call  these 
rocks  Erian,  which  was  the  term  used  by  the  early  New  York  geologists.1 
The  chief  divisions  of  the  Devonian  in  New  York  are  indicated  in  the 
diagrammatic  section,  Fig.  139.  -Some  of  the  New  York  names  are 
commonly  used  in  other  parts  of  North  America.  Changes  in  lithologic 
and  f aunal  characters,  however,  are  responsible  for  the  use  of  many  local 
formation  names,  and  this  is  especially  true  at  increasing  distances  from 
the  New  York  type  section. 

The  differentiation  of  the  successive  series  in  the  Devonian  system  is 
based  on  major  changes  in  the  lithologic  character  of  deposits,  in  the 
nature  of  fossil  faunas,  and  in  the  geographic  distribution  of  the  seas  and 
lands.  The  Lower  Devonian  rocks  differ  notably  in  these  respects  from 
the  Middle  Devonian,  and  the  Middle  differs  generally  from  the  Upper. 
In  addition,  there  is  evidence  in  many  places  of  at  least  a  slight  uncon- 
formity at  the  major  lines  of  division  within  the  system. 

DEVONIAN  FORMATIONS  OF  NORTH  AMERICA 

Distribution. — Rocks  of  Devonian  age  were  originally  spread  through- 
out the  Appalachian  region  from  Newfoundland  to  Alabama.  They 
covered  practically  the  entire  Mississippi  Valley,  the  eastern  Great  Lakes 
region,  and  central  Canada,  and  they  were  very  extensive  in  the  Cordil- 
leran  region,  the  southwestern  states,  and  Alaska.  Outcrops  of  the 
Devonian  rocks  are  naturally  more  restricted.  There  are  abundant 
exposures,  however,  throughout  southern  New  York;  in  the  Appalachian 
belt,  including  eastern  Quebec,  New  Brunswick,  eastern  Pennsylvania, 
Maryland,  Virginia,  and  West  Virginia;  and  in  parts  of  Ohio,  Kentucky, 
Indiana,  Illinois,  Missouri,  and  Iowa.  Devonian  limestones  appear  in 
the  Rocky  Mountains  from  Montana  to  the  Arctic  Circle.  They  are 
extensively  distributed  in  the  Mackenzie  Valley  of  northwestern  Canada. 
A  belt  of  Devonian  rocks  extends  from  the  Mackenzie  region  southeast- 
ward to  the  Manitoba  Lakes  near  Winnipeg,  and  a  fairly  large  area  of 
these  beds  borders  James  Bay,  at  the  south  tip  of  Hudson  Bay.  South 
of  Montana,  also,  rocks  of  this  age  occur  in  many  places  as  far  as  Arizona, 

1  The  name  Erian  is  now  restricted  to^i  subdivision  of  the  Devonian  rocks, 
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The  Type  Devonian  Section  in  New  York 

Devonian  rocks  occupy  almost  all  of  southern  New  York  west  of  the 
Hudson  River,  which  amounts  to  about  one-third  of  the  area  of  the  state. 
On  the  east  are  the  ruggedly  beautiful  Catskill  Mountains,  rising  to  more 
than  4,000  feet  above  sea  level.  These  mountains  have  been  carved 
from  a  thick  mass  of  nearly  flat-lying  Devonian  rocks  capped  by  the 


FIG.  136. — Map  of  North  America  showing  outcrop  areas  of  the  Devonian  system 
(black)  and  the  inferred  area  of  original  distribution  of  Devonian  formations  (oblique 
shading).  (R.  T.  Chamberlin,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry 
Holt  &  Company.) 

resistant  Catskill  formation.  Farther  west  is  the  intricately  dissected 
upland  that  forms  the  northern  part  of  the  Allegheny  Plateau.  The 
east-west  trending  outcrops  of  resistant  Devonian  formations  at  the 
northern  margin  of  the  plateau  form  north-facing  escarpments  looking 
down  on  lowlands  made  by  the  weak  Upper  Silurian  shales  (Fig.  138). 
Southwest  of  Albany  is  an  especially  prominent  escarpment  made  by 
thick  Lower  Devonian  limestones.  It  is  known  as  the  Helderberg 
Mountains,  and  from  this  area  the  Helderberg  series  received  its  name. 
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Near  Lake  Erie  the  exposed  Devonian  rocks,  belonging  to  the  ujiper  part 
of  the  system,  consist  largely  of  shale  and  thin  sandstone,  and  the  topog- 
raphy is  more  subdued. 

Lower  Devonian  Formations. — The  lowermost  deposit  of  the  Devo- 
nian system  in  New  York  consists  of  fossiliferous  limestone  (Coeymans) 
that  rests  disconformably  on  Upper  Siluiian  limestone  (Manlius).  The 
complete  sequence  of  the  Lower  Devonian  (Helderberg)  beds  is  found 
only  in  the  eastern  part  of  the  state,  whereas  none  of  them  occur  in  the 
west.  The  basal  limestone  extends  farther  west  than  the  higher  forma- 


DEVONIAN        OUTCROPS 
Lower  Middle  Upper 


Former  extent      Extension  under  uounger  rocks 


FIG.    137. 


-Map  of  New  York  showing   Devonian  outcrops. 
York  State  Museum.) 


(Winifred  Goldring,   New 


tions,  which  are  progressively  restricted  toward  the  east.  These  relations 
indicate  either  that  (1)  the  Helderberg  sea  reached  farthest  west  in  this 
region  during  earliest  Devonian  time  and  slowly  retreated  eastward  during 
the  later  part  of  the  epoch,  or  (2),  if  the  later  Helderberg  beds  were 
deposited  in  areas  beyond  their  present  western  limits,  erosion  removed 
the  westerly  portions  of  these  beds  before  deposition  of  the  next  younger 
series.  It  is  possible  that  the  true  conditions  were  a  combination  of  the 
suggested  alternatives. 

Parts  of  the  limestone  deposits  are  thick-bedded  and  resistant  to 
erosion.  Some  beds  contain  much  chert.  Accordingly,  thefee  rocks 
make  a  prominent  escarpment  or  in  places  form  the  tops  of  high  hills. 
Other  parts  of  the  Lower  Devonian  strata  are  shaly  and  relatively  weak, 
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but  some  of  these  (New  Scotland  beds)  are  especially  noteworthy  on 
account  of  the  abundance  of  their  fossils. 

The  rocks  next  above  the  Helderberg  series  consist  of  sandstone  and 
some  shale  (Oriskany)  that  rests  unconformably  on  older  rocks,  except 
possibly  in  part  of  eastern  New  York.  The  sand  overlies  successively 
older  Lower  Devonian  formations  from  east  to  west,  and  in  western  New 
York  it  lies  directly  on  the  Silurian.  The  Oriskany  beds  contain  marine 
fossils  and  the  observed  distribution  of  these  rocks  shows  that  the  sea 
spread  westward  at  least  as  far  as  Ontario.  The  thickness  of  the  deposits 
in  New  York  is  mostly  only  a  few  feet. 

The  Oriskany  formation  has  commonly  been  classed  as  belonging  to 
the  late  part  of  the  Lower  Devonian.  It  is  true  that  many  of  the  fossils 
in  the  Oriskany  and  Helderberg  beds  are  similar,  but,  on  the  other  hand, 
many  are  very  unlike.  It  is  clear,  also,  that  the  Helderberg  rocks  were 
exposed  to  erosion  for  some  time  preceding  the  deposition  of  the  Oriskany 


FIG.  138. — Diagram  of  a  part  of  Ontario  and  western  New  York  showing  topographic 
expression  of  the  Devonian  and  older  rocks. 

strata  as  shown  partly  by  the  distribution  of  different  Helderberg  forma- 
tions and  partly  by  uneven  surface  and  accumulations  of  residual  debris 
at  the  base  of  the  Oriskany  beds.  An  interesting  feature  is  the  occur- 
rence of  fissures  in  the  pre-Oriskany  rocks  (possibly  formed  by  earthquake 
shocks)  that  are  filled  with  Oriskany  sand.  It  is  suggested  (Grabau) 
that,  during  the  time  of  erosion  of  the  Helderberg  rocks,  sand  was  spread 
over  the  land  surface  by  wind  and  streams,  filling  irregularities  and 
accumulating  in  places  as  dunes.  When  the  sea  readvanced  over  the 
New  York  region,  the  sand  was  largely  reworked  by  waves  and  currents, 
and  marine  shells  are  found  in  these  parts  of  the  deposits.  The  Oriskany 
beds  are  overlaid  conformably  by  the  Middle  Devonian  Onondaga  lime- 
stone. All  these  features  considered,  it  is  possible  that  the  Oriskany 
should  be  regarded  as  the  initial  deposit  of  Medial  Devonian  time.  The 
series  is  here  classed  as  Lower  Devonian,  however,  in  accordance  with 
general  usage. 

Middle  Devonian  Formations. — The  Onondaga  limestone  is  a  fossil- 
iferous,  brachiopod-  and  coral-bearing  formation  which  is  a  product  of 
deposition  in  a  clear  sea  that  extended  far  beyond  the  borders  of  New 
York.  It  is  200  feet  or  less  in  thickness  but  is  fairly  resistant  to  erosion 
and!  makes  a  well-defined  north-facing  escarpment  that  is  traced  from 


FORMATIONS  AND  PHYSICAL  HISTORY  OF  DEVONIAN  TIME    243 


east  to  west  across  the  state.    Silica  in  the  form  of  chert  nodules  is 
abundant  in  parts  of  this  formation 
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FIG.  139. — Sections  of  Devonian  rooks  In  New  York. 

The  upper  part  of  the  Middle  Devonian  rocks  in  New  York  consists 
predominantly  of  shale  (Marcellus  and  Hamilton)  about  1,000  feet  in 
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average  thickness.  The  Marcellus  shale  is  a  black,  bituminous  mud 
deposit  that  contains  a  small  fauna  of  diminutive  thin-shelled  marine 
animals  which  indicate  a  very  different  sort  of  environment  from  that  of 
the  lime-depositing  seas.  The  Marcellus  is  at  least  partly  contemporane- 
ous with  the  Onondaga  limestone,  grading  into  it  laterally.  The  Marcel- 
lus formation  is  thickest  in  the  east  where  the  Onondaga  is  thin,  and  it 
thins  to  the  west  where  the  Onondaga  is  thick.  It  has  been  learned  also 
that  the  black  Marcellus  shale  grades  eastward  into  gray  sandy  shale  and 
thin  sandstones  that  lithologically  resemble  the  Hamilton  formation. 

The  Hamilton  shale  is  a  bluish-gray  silty  to  fine  sandy  formation. 
The  eastern  New  York  portion  of  the  Hamilton  has  greatest  thickness 
and  largest  content  of  sand.  At  the  top  of  the  Hamilton  formation  in 
eastern  New  York  sections  is  a  thin  but  persistent  conglomeratic  sand- 
stone or  conglomerate  which  has  recently  been  traced  (Cooper)  eastward 
into  the  mid-portion  of  the  Catskill  beds.  This  proves  that  red  beds  and 
coarse,  irregularly  bedded  sandstones  of  continental  origin  in  the  lower 
Catskill  formation  are  of  Medial  Devonian  age,  for  they  are  evidently 
contemporaneous  with  marine  Hamilton  beds  of  areas  to  the  west.  For- 
merly, the  Catskill  rocks  had  been  regarded  as  belonging  wholly  to  the 
Upper  Devonian*  The  Middle  Devonian  part  of  the  Catskill  beds  near 
Gilboa  in  eastern  New  York  contains  successive  forest  beds  with  trees  30 
to  40  feet  high,  representing  some  of  the  earliest  known  land  vegetation.. 
These  old  forests  indicate  a  subsiding  coast  line  during  the  time  of  their 
development.  The  shore  line  shifted  eastward  and  westward  from  time 
to  time,  as  indicated  by  lateral  changes  in  the  nature  of  the  deposits, 
much  of  which  were  derived  from  the  east  or  southeast.  In  western  New 
York  the  Hamilton  formation  is  distinctly  thinner  than  in  the  east;  it 
contains  limestone  beds  and  is  entirely  marine.  These  relations  indicate 
that  the  chief  source  of  the  Middle  Devonian  sediments  of  this  region  was 
a  part  of  the  Appalachian  borderland  to  the  east  of  New  York.  Also, 
we  must  now  recognize  that  different  formations  representing  types  of 
deposits  (facies)  ranging  from  continental  in  the  east  to  offshore  marine 
in  the  west  are  partly  contemporaneous  instead  of  unlike  in  age. 

Upper  Devonian  Formations. — Shale  and  sandstone  many  hundreds 
of  feet  thick  comprise  the  Upper  Devonian  of  New  York.  The  base  of 
this  division  is  marked  by  a  thin,  nonpersistent  limestone  (Tully)  that 
contains  certain  fossils  that  are  characteristic  of  the  Upper  Devonian  of 
Europe,  and  there  is  evidence  that  these  species  reached  the  New  York 
area  by  way  of  the  far  Northwest.  No  evidence  of  an  interruption  of 
sedimentation  is  found  in  this  part  of  the  New  York  section. 

The  lower  part  of  the  Upper  Devonian  consists  dominantly  of  marine 
shale  and  sandstone.  It  contains  a  relatively  thin,  black  bituminous  shale 
(Genesee)  at  the  base,  overlain  by  1,000  feet  or  more  of  grayish  shale 
and  sandstone  (Portage)*  The  sandy  beds  are  coarsest  and  thickest 


FORMATIONS  AND  PHYSICAL  HISTORY  OF  DEVONIAN  TIME    245 


(about  3,000  feet)  in  the  east,  becoming  fine-grained  and  thin-bedded  to 
the  west;  also,  part  of  the  eastern  deposits  contain  land  plants.  The  sea 
reached  beyond  New  York  State  to  the  west.  Some  of  the  Portage  bpds 
in  central  New  York,  which  by  physical  characters  indicate  that  they 
were  deposited  in  very  shallow  water  where  wave  and  current  action  was 


New  York 


FIG.  140. — Map  of  the  New  York  region  showing  distribution  of  different  types  of 
sedimentary  deposits  and  faunas  during  part  of  Late  Devonian  time.  The  Oneonta  faciea 
consisting  largely  of  sandy  beds  occurs  in  the  east,  the  Ithaca  facies  of  gray  shaly  and  fine 
sandy  beds  in  a  central  belt,  and  the  Genesee  facies  of  black  muds  containing  the  Naples 
fauna  in  the  west.  (From  International  Geol.  Congress  Guidebook  4,  by  K.  E.  Caster,  from 
Clarke.} 

strong,  contain  coarse,  thick-shelled  fossils  of  a  type  adapted  to  this  sort 
of  environment.  It  is  interesting  to  observe  in  beds  of  equivalent  age  in 
western  New  York,  where  physical  evidence  indicates  quiet  accumulation 
of  fine  sediments,  that  many  of  the  fossils  are  delicate,  thin-shelled  types 
such  as  are  adapted  to  deeper  waters  beyond  the  reach  of  strong  waves 
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FIG.  141. — Diagrammatic  section  along  the  line  A-B  of  Fig.  140  showing  interrelations 
of  Upper  Devonian  facies.  (From  International  Geol.  Congress  Guidebook  4,  by  K.  E.  Caster, 
after  Clarke.)  ". 

and  currents.    There  is  evidence,  thus,  in  both  physical  and  organic 
characters,  of  the  geographic  conditions  of  the  time. 

Eastern  New  York  sections,  as  shown  typically  in  the  Catskill  Moun« 
taina,  show  about  1,000  feet  of  coarse,  irregularly  bedded  reddish  sand* 
stone,  some  conglomerate,  and  greenish  to  reddish  clay.  There  are  also 
some  nearly  white  sandstone  layers.  These  resistant  rocks,  called  the 
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Catskill  formation,  are  partly  of  Medial  Devonian  age,  as  already  indi- 
cated, and  the  remainder  is  of  early  Late  Devonian  age.  They  are 
really  only  the  lower  part  of  an  originally  much  thicker  deposit  in  this 
region,  for  erosion  has  carried  away  a  great  volume  of  rock  that  was  once 
present  above  the  existing  summits  of  the  Catskill  Mountains  and  has 
removed  all  of  the  Devonian  rocks  from  an  area  of  unknown  extent  to  the 
east  and  north  of  the  present  Devonian  outcrops.  The  physical  proper- 
ties of  this  formation,  including  irregular  stratification,  cross-bedding, 
and  mud  cracks,  and  the  presence  of  land  plant  and  fresh-water  animal 
remains,  indicate  clearly  that  the  deposit  is  of  nonmarine  origin. 

The  upper  Upper  Devonian  beds  of  western  New  York  consist  of  f ossil- 
iferous  shales,  thin  sandstones,  and  limestones  that  are  entirely  marine. 
These  beds  are  known  as  the  Chemung  formation.  Farther  east,  the 
upper  part  of  the  Chemung  beds  is  replaced  by  deposits  of  Catskill  type; 
farther  on,  the  middle  Chemung  also  grades  laterally  into  Catskill;  and 
still  farther  the  lower  Chemung  is  changed  to  continental  materials.  It 
is  evident  that  the  Catskill  and  Chemung  beds  of  New  York  are  partly 
contemporaneous  deposits  of  different  character,  though  the  Catskill 
formation  includes  beds  that  are  much  older  than  the  lowest  Chemung. 
One  was  laid  down  on  land  by  streams  and  in  lakes,  or  in  part  as  lagoonal 
deposits  bordering  the  coast  line,  and  the  other  was  formed  in  the  adjacent 
shallow  sea.  Also,  as  time  in  the  Late  Devonian  epoch  elapsed,  the  land 
was  built  farther  and  farther  westward,  restricting  the  area  of  marine 
sedimentation  correspondingly.  Minor  oscillations  of  the  shore  line  are 
shown  by  the  occurrence  of  tonguelike  extensions  of  the  nonmarine  beds 
into  the  marine  and  of  marine  beds  into  the  nonmarine.  These  inter- 
bedded  relations  are  readily  understood,  for,  if  outbuilding  of  land 
deposits  is  followed  by  submergence  of  a  near-shore  area,  owing  to  either 
sinking  of  the  deposits  or  a  slight  rise  of  the  sea,  marine  sediments  come 
to  rest  on  nonmarine;  and  as  the  near-shore  portion  of  the  shallow  sea  is 
filled  in  and  land  deposits  are  built  seaward,  nonmarine  strata  come 
to  overlie  marine  beds.  This  sort  of  change,  with  alternating  temporary 
mastery  of  sea  and  of  land  in  the  zone  where  they  meet,  is  to  be  expected, 
but  in  the  case  of  the  Late  Devonian  in  New  York  the  land  greatly  out- 
gained  the  sea. 

The  Appalachian  Region 

The  Devonian  rocks  of  the  Appalachian  region  are  steeply  folded  and 
faulted,  like  the  older  systems.  Accordingly,  the  outcrops  occur  in  long 
bands  whose  width  is  determined  mainly  by  the  thickness  of  the  rocks 
and  the  angle  of  dip.  There  are  good  exposures  in  many  places,  especially 
where  streams  cut  through  the  mountain  ridges,  and  because  of  the  steeply 
tilted  attitude  of  the  beds  it  is  possible  in  a  walk  of  one  or  two  miles  to 
cross  outcrops  representing  a  thickness  of  thousands  of  feet.  The  greatest 
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thickness  of  Devonian  rocks  in  North  America  is  found  in  east  central 
Pennsylvania  where  measurements  show  a  total  of  13,000  feet  for  the 
system.  About  two-thirds  of  this  thickness  belongs  to  the  Upper 
Devonian.  There,  is  a  regular  decrease  in  thickness  westward,  and  also 
northward  and  southward  along  the  axis  of  the  trough. 

The  Lower  Devonian  formations,  consisting  of  limestone  (Helderberg) 
in  the  lower  part  and  of  sandstone  and  cherty  limestone  (Oriskany)  in 
the  upper  part,  are  essentially  the  same  as  rocks  of  this  age  in  New  York. 
They  are  continuous  southwestward  into  Alabama,  the  total  thickness 
ranging  to  nearly  1,000  feet  in  some  places. 

Middle  Devonian  deposits  of  the  Appalachian  trough  consist  almost 
entirely  of  shales.  These  rocks  attain  a  total  thickness  of  about  1,600 
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FIG.   142. — Geologic  section  of  Devonian  and  associated  rocks  in  part  of  southeastern 
Pennsylvania.     (From  International  Geol.  Congress  Guidebook  7,  by  D.  W.  Johnson.) 

feet  in  Pennsylvania.  They  thin  southward,  disappearing  in  Virginia. 
As  in  New  York,  the  lower  part  of  the  Catskill  formation  is  apparently 
of  Medial  Devonian  age. 

The  Upper  Devonian  rocks  of  this  district  are  very  similar  to  those  of 
New  York.  The  lower  part  consists  of  marine  shale  and  sandstone,  in 
the  east  representing  only  the  very  early  Late  Devonian,  but  farther 
west  including  all  of  this  division.  The  upper  part  consists  of  continental 
sediments  of  the  Catskill  red-beds  type  in  the  east,  grading  into  and 
interfingering  westward  with  marine  deposits  of  the  Chemung  type. 
The  maximum  thickness  of  Catskill  nonmarine  beds  is  about  7,500  feet 
in  northeastern  Pennsylvania.  The  thickness  decreases  southwestward 
along  the  outcrop  until  the  beds  disappear  near  the  Virginia-Tennessee 
boundary.  The  distribution  of  thickness  and  coarseness  of  the  Catskill 
sediments  offers  basis  for  the  inference  that  the  chief  aggrading  streams 
of  this  Late  Devonian  piedmont  alluvial  fan  were  located  in  the  Pennsyl- 
vania portion  of  the  Appalachian  belt.  The  headwaters  of  the  streams 
were  located  in  highlands  or  mountains  of  Appalaehia  lying  probably 
100  miles  or  more  east  and  southeast  of  the  site  of  Philadelphia. 

Eastern  Canada  and  New  England 

Devonian  rooks  occur  in  southeastern  Quebec,  northern  and  southern 
New  Brunswick,  Nova  Scotia,  and  Maine.  The  best-known  and  prob- 
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ably  the  most  interesting  Devoniah  section  of  this  region  is  that  of  the 
picturesque  Gasp6  Peninsula  in  eastern  Quebec,  on  the  south  side  of  the 
Gulf  of  St.  Lawrence.  Here  the  Lower  Devonian  (and  in  part  the  Middle 
Devonian)  is  represented  by  some  2,000  feet  of  fossiliferous  sandstones, 
limestones,  and  shales,  overlaid  unconformably  by  a  mass  of  Catskill-like 
reddish  and  irregularly  bedded  conglomeratic  sandstones  and  shales 
1,000  feet  or  more  in  thickness.  The  rocks  of  Catskill  type  above  the 
unconformity  are  now  thought  to  be  of  Carboniferous  age  rather  than 
Late  Devonian.  The  marine  beds  of  the  Gasp£  Devonian  are  interbedded 
with  volcanic  flows  and  beds  of  conglomerate  are  present  in  the  western 
Gasp6  sections.  Similarity  of  fossils  strongly  suggests  that  the  Lower 
Devonian  sea  of  the  Gasp£  region  was  directly  connected  with  that  of 
the  Appalachian  trough  in  eastern  New  York  and  farther  south.  If  this 
is  the  case,  erosion  removed  Devonian  deposits  that  were  once  present 
in  the  several  hundred  miles  that  now  separate  the  nearest  exposures  of 
corresponding  beds.  The  thick  nonmarine  strata  of  the  eastern  Quebec 
and  northeastern  New  Brunswick  district  show  evidence  of  deposition 
by  streams  coming  from  a  highland  area  southeast  of  this  region.  The 
remains  of  land  plants  and  of  fresh-water  fishes  characterize  earliest  and 
latest  beds  of  this  series. 

The  Devonian  formations  of  southern  New  Brunswick,  Nova  Scotia, 
and  Maine  are  sandstones  and  shales,  that  are  complexly  folded,  faulted, 
and  partially  metamorphosed.  Only  Lower  Devonian  beds  are  recog- 
nized in  Nova  Scotia.  There  is  much  igneous  rock,  both  extrusive 
materials  and  intrusive  masses.  Among  the  latter  are  granitic  batholiths, 
probably  including  that  of  the  White  Mountains  in  New  Hampshire. 

The  Continental  Interior 

The  Devonian  of  the  Continental  Interior  consists  mainly  of  the 
westward  continuation  of  certain  formations  of  the  New  York  and 
Appalachian  region.  In  addition,  there  are  deposits  of  seas  that  invaded 
from  the  south  and  from  the  northwest  that  are  independent  of  the  eastern 
seaways.  The  deposits  of  the  Continental  Interior  are  distinguished 
chiefly  by  very  moderate  thickness  and  in  areas  west  of  Ohio  by  domi- 
nance of  limestone.  The  Devonian  beds  lie  on  Upper,  Middle,  or  Lower 
Silurian,  on  Ordovician,  or  locally  even  on  Cambrian,  yet  the  parallel 
position  of  the  beds  and  the  generally  very  even  contact  at  the  base  of 
the  Devonian  give  appearance  of  conformity. 

Lower  Devonian  formations  consisting  chiefly  of  limestone  occur  in 
western  Tennessee,  southern  Illinois,  southeastern  Missouri,  and  southern 
Oklahoma.  The  thickness  is  mostly  less  than  100  feet.  Some  of  the 
formations  are  especially  characterized  by  abundance  of  chert,  and  some 
contain  fossils  that  are  beautifully  preserved  and  .very  abundant.  -  The 
total  area  of  these  beds  is  small.  Evidence  from  fossils  indicates  that 
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the  sea  of  the  interior  region  was  connected  at  this  time  with  the  Appala- 
chian trough  and  probably  also  with  waters  at  the  continental  margin  in 
the  south. 

The  Middle  Devonian  is  widespread  in  the  Ohio  Valley  and  Great 
Lakes  region,  upper  Middle  Devonian  being  found  also  in  Missouri,  Iowa, 
and  western  Canada.  The  deposits  consist  almost  entirely  of  limestone 
that  corresponds  to  the  Onondaga  and  Hamilton  formations  of  New  York. 
The  limestone  of  this  age  in  western  Tennessee  is  extremely  cherty,  and 
in  the  Ouachita  Mountain  region  of  Arkansas  there  are  thick  beds  of 
silica  (in  the  massive,  even-textured  form  called  vornr^ib'tc')  v/ithout  any 
limestone.  The  average  thickness  of  Middle  Devonian  rocks  of  the 


FIG.  143. — Ridges  of  Devonian  siliceous  rock  (novaculito)  in  the  Marathon  Uplift 
of  western  Texas.  These  rocks  were  folded  in  Late  Pennsylvanian  time.  (From  Inter- 
national Gcol.  Congress  Guidebook  13.  Photograph  by  P.  B.  King,  U.  S.  Gcol.  Survey.} 

interior  region  is  about  100  feet.  An  interesting  feature  of  these  beds  in 
several  places  is  the  occurrence  of  large  coral  reefs.  A  famous  locality 
for  collection  of  Middle  Devonian  fossil  corals  is  the  so-called  Falls  of 
the  Ohio  near  Louisville,  Ky.,  the  "falls"  (now  removed  by  river  improve- 
ments) being  due  to  a  partly  silicified  reef  that  chanced  to  lie  in  the  river's 
path.  More  than  two  hundred  species  of  corals  have  been  obtained 
from  this  place.  Port  Colborne,  at  the  south  end  of  the  Welland  ship 
canal,  Ontario,  is  another  famous  locality  for  Onondaga  corals.  The 
Middle  Devonian  also  contains  "bone  beds"  that  are  made  up  almost 
wholly  of  the  teeth,  plates,  spines,  and  other  skeletal  fragments  of  millions 
of  fishes.  One  such  bed,  a  few  inches  thick,  can  be  traced  in  a  north-south 
direction  almost  across  the  state  of  Ohio. 

The  Upper  Devonian  rocks  of  the  Continental  Interior  consist  of 
shale  and  shaly  limestone.  The  Ohio  Valley  and  Michigan  region  contain 
dark-colored  shale,  100  to  500  feet  or  more  thick,  some  holding  many 
large  rounded  concretions,  and  some  thai  is  black,  yielding  oil  on  distilla- 
tion. The  shales  are  not  very  fossiliferous  and  I  lie  fossils  of  certain  beds 
indicate  an  environment  of  brackish  or  stagnant  waters  that  is  very 
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unlike  the  normal  marine  shallow  seas.  An  important  feature  of  the 
Upper  Devonian  is  the  presence  of  beds  extending  to  the  far  northwest 
in  the  Mackenzie  Valley  region  of  Canada.  The  sea  that  occupied  this 
territory  invaded  from  the  Arctic  and  spread  through  the  Mississippi 
Valley  to  New  York.  Some  of  the  fossils  in  deposits  of  this  sea  can  be 
distinguished  as  Asiatic  or  European  in  origin. 

The  Cordilleran  Region 

Devonian  rocks  are  known  in  Arizona,  Colorado,  Utah,  Nevada, 
Wyoming,  Idaho,  and  Montana.  The  thickest  section  appears  in  Nevada 
where  at  least  6,000  feet  of  beds,  mostly  limestone,  is  reported.  Most 
of  the  western  Devonian  belongs  to  the  middle  and  upper  parts  of  the 
system,  but  all  of  the  divisions  are  represented  in  Nevada. 

DEVONIAN  FORMATIONS  OF  OTHER  CONTINENTS 

Europe. — The  great  chain  of  mountains  that  was  formed  at  the  close  of  Silurian 
time  in  northwestern  Europe  was  the  source  of  huge  quantities  of  gravel,  sand,  and 
finer  sediments  which  now  compose  the  thick  nonmarine  Old  Red  sandstone  of  Great 
Britain  and  other  parts  of  northern  Europe.  These  deposits  are  very  much  like  those 
of  the  Upper  Devonian  Catskill  beds  in  America,  but  in  places  there  are  boulders  up 
to  8  feet  in  diameter,  and  the  total  thickness  of  the  Old  Red  sandstone  (at  least  20,000 
feet  in  places)  is  much  greater  than  that  of  the  Catskill  formation.  A  part  of  these 
deposits  in  Europe  appears  to  be  an  accumulation  of  rock  waste  in  intermontane 
basins.  It  is  probable  that  there  were  recurrent  uplifts  during  Devonian  time  of  the 
mountainous  highlands  that  supplied  the  sediments  and  there  was  certainly  a  great 
deal  of  igneous  activity  in  Scotland,  Scandinavia,  and  adjacent  areas  that  was  con- 
temporaneous with  Old  Red  sedimentation.  The  Old  Red  sandstone  is  very  promi- 
nent in  Wales,  western  England,  and  Scotland  and  is  one  of  the  best-known  geological 
formations  in  Europe. 

Marine  deposits  of  Devonian  age  occur  in  southwestern  England  where  the  system 
was  named.  They  consist  of  sparsely  fossil-bearing  thick  shales  and  sandstones  that 
are  complexly  folded  and  faulted  and  intruded  by  igneous  rocks.  Marine  strata  with 
many  well-preserved  fossils  are  found  in  the  lower  Rhine  region  of  Germany,  in  France, 
and  in  various  other  parts  of  western  and  southern  Europe.  The  Devonian  is  also 
widespread  in  Russia. 

Other  Continents. — Devonian  rocks  occur  in  central  Asia  and  China,  southern 
Asia,  southern  Africa,  Australia,  New  Zealand,  and  South  America.  One  of  the  most 
common  Upper  Devonian  index  fossils  of  Europe  and  America  can  be  purchased 
in  the  medicine  shops  of  China.  The  Devonian  of  southwestern  Australia,  consist- 
ing of  shales,  sandstones,  and  much  volcanic  rock,  has  a  total  thickness  of  about 
24,000  feet. 

PHYSICAL  HISTORY  OF  DEVONIAN  TIME 

Early  Devonian  Time,— At  the  beginning  of  Devonian  time  the 
Appalachian  trough  was  occupied  by  an  arm  of  the  sea  that  had  persisted 
from  the  late  part  of  the  Silurian  period.  Limestone  was  deposited  in 
this  sea.  Early  Devonian  seas,  likewise  recorded  by  limestone,  also 
submerged  parts  of  Oklahoma,  Tennessee,  Missouri,  and  Illinois,  and 
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fossils  indicate  that  there  was  a  marine  connection  between  this  region 
and  the  Appalachian  trough. 

The  comparatively  small  portion  of  North  America  submerged  in 
Early  Devonian  time  corresponds  to  conditions  of  the  ideal  cycle  in  a 
geologic  period,  which  begins  with  moderate  marine  invasion,  is  followed 
by  very  extensive  submergence  of  the  lands,  and  closes  with  receding 
seas.  It  is  unusual,  however,  to  find  the  initial  deposits  of  a  geologic 
system  composed  of  limestone,  because  emergent  lands  and  restricted 
seas  provide  conditions  that  are  normally  favorable  for  deposition  of 
gravelly,  sandy,  or  at  least  clayey  sediments  derived  from  the  lands.  The 
limestone  formations  of  the  lowermost  Devonian  emphasize  the  conclu- 


FIG.  144. — Lower  Devonian  limestone  (Coeymana)  in  the  Helderberg  escarpment  south- 
west of  Albany,  N.  Y.  (N.  H.  Darton,  U.  S.  Geol.  Survey.) 

sion  that  the  land  surface  of  North  America,  even  though  very  large  at 
this  time,  was  so  little  above  sea  level  (and  possibly  so  covered  by  vegeta- 
tion) that  no  appreciable  amounts  of  detrital  sediments  were  transported 
to  the  seas. 

Local  changes  involving  partial  retreat  of  the  Devonian  sea  are 
recorded  by  the  presence  of  a  hiatus,  well  shown  in  New  York,  between 
the  Helderberg  and  Oriskany  series.  The  readvance  of  the  sea  in 
Oriskany  time  is  mainly  registered  by  sandstone  deposits  that  overlap 
the  older  formations.  The  deposition  of  sandstone  is  in  itself  an  indica- 
tion of  a  significant  change  in  physiographic  conditions,  for  sand  is  vir- 
tually lacking  in  the  Helderberg  beds.  The  sandstone  of  the  Oriskany 
series  may  mean  the  uplift  of  a  near-by  land  area  containing  sand  or 
sandstone,  erosion  of  the  sand,  and  transportation  of  it  to  the  sea.  The 
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purity  and  the  well-rounded  shape  of  the  Oriskany  sand  grains  are  char- 
acters resulting  from  thorough  sorting  and  considerable  wear.  They 
imply  that  this  Devonian  sandstone  was  derived  from  the  erosion  of 
preexisting  sand  deposits  rather  than  from  the  disintegration  of  granitic 
or  other  quartz-containing  crystalline  rocks,  for  in  these  latter  there  is 
much  nonquartzose  material  to  be  sorted  out  and  deposited  somewhere. 
It  is  probable  that  the  sand  was  spread  over  parts  of  the  Appalachian 
region  by  wind  and  streams  during  the  time  of  erosion  in  the  late  Early 
Devonian  epoch,  being  reworked  by  the  sea  in  the  course  of  the  marine 
transgression  that  possibly  should  be  reckoned  to  define  the  beginning  of 
Medial  Devonian  time.  Limestone  beds  were  deposited  also  in  Oriskany 
time.  The  fossils  of  this  epoch  are  partly  descendants  of  Helderberg 
species  but  there  are  also  immigrant  types  so  similar  to  Early  Devonian 
species  from  South  America  that  they  are  considered  to  have  come  from 
this  region,  probably  l?y  way  °f  the  west  shore  of  the  Atlantic. 

Medial  Devonian  Time. — The  chief  event  of  Medial  Devonian  time 
is  the  greatly  increased  submergence  of  North  America.  In  the  Onondaga 
stage  the  sea  occupied  almost  all  of  the  eastern  Mississippi  Valley  region, 
the  northern  part  of  the  Appalachian  trough,  and  east  central  Canada 
at  least  as  far  north  as  Hudson  Bay.  In  the  west,  the  sea  was  present  in 
the  Cordilleran  region.  The  chief  type  of  deposit  was  limestone.  The 
limestone  contains  especially  abundant  corals  and  in  some  regions  there 
are  coral  reefs.  The  new  elements  in  the  invertebrate  life  of  Onondaga 
seas  appear  to  have  come  from  the  north;  they  are  not  known  in  South 
America. 

The  later  part  of  Medial  Devonian  time  is  that  in  which  the  Hamilton 
beds  and  their  equivalents  were  deposited.  The  physical  character  and 
thickness  of  these  shaly  and  sandy  sediments  in  the  eastern  United  States 
give  evidence  of  gradual  elevation  of  the  borderland  east  of  the  Appala- 
chian trough,  as  has  been  indicated  in  previous  discussion,  but  limestone 
was  deposited  in  the  Mississippi  Valley  and  Great  Lakes  region  at  a 
distance  from  Appalachia.  The  eastern  Hamilton  deposits  contain 
several  distinctive  immigrant  fossils  that  came  from  South  America,  and 
therefore  the  Hamilton  sea  evidently  had  a  southern  connection. 

Contemporaneous  with  the  Hamilton  marine  invasion  in  the  east, 
there  was  a  great  extension  of  a  sea  that  advanced  from  the  northwest, 
bringing  shallow-water  organisms  characteristic  of  the  European  and 
Asiatic  regions.  This  sea  covered  a  large  part  of  western  Canada,  the 
western  and  southwestern  United  States,  and  it  reached  eastward  to 
Iowa  and  northern  Illinois.  It  was  prevented  from  uniting  with  the 
Hamilton  sea  farther  east  by  a  low  barrier  of  land  in  eastern  Illinois  and 
adjacent  territory  (Kankakee  axis).  The  evidence  of  these  late  Medial 
Devonian  geographic  conditions  consists  in  the  distribution  of  the  rock 
formations  of  this  age  and  especially  in  the  nature  of  their  fossiln. 


AND  PHYSICAL  HISTORY  OP  DEVON/AN  TIME    253 

Elevation  of  Appalachia  in  late  Medial  Devonian  time  resulted  in 
formation  of  a  highland  or  mountainous  area  and  led  to  greatly  increased 
erosion  of  the  land  and  the  transportation  westward  from  it  of  an  enor- 
mous quantity  of  detrital  materials  consisting  of  gravel,  sand,  silt,  and 
clay.  These  sediments  comprise  the  great  thickness  of  stratified  rocks  in 
the  Catskill,  Hamilton,  and  younger  Devonian  formations  of  the  Appala- 
chian region.  An  unknown  but  certainly  large  part  of  the  original 
deposits  has  been  destroyed  by  post-Devonian  erosion.  This  applies  to 
the  former  northward  continuation  of  the  Upper  Devonian  formations  in 
New  York,  but  especially  to  the  territory  between  the  present  eastern- 
most outcrops  and  the  original  eastern  limits  of  the  deposits  in  the  foot- 
hills of  Appalachia.  In  considering  both  the  existing  remnants  of  the 
formations  and  probable  characters  of  the  vanished  portions,  it  is  prac- 
tically certain  that  deposition  of  nonmarine  beds  at  the  borders  of  the 
upland  and  of  marine  beds  at  greater  distance  from  the  upland  took  place 
in  the  Appalachian  region  throughout  late  Medial  and  all  of  succeeding 
Devonian  time. 

Late  Devonian  Time. — During  the  Late  Devonian  epoch,  conditions 
were  very  similar  to  those  of  Hamilton  time,  although  sedimentation  of 
continental  type  extended  gradually  and  intermittently  farther  to  the 
west.  The  Genesee  black  muds  were  deposited  in  the  west  while  sandy 
shale,  sandstone,  and  continental  beds  were  being  formed  in  the  east. 
The  black  muds  were  succeeded  by  sandy  shale  and  sandstone  of  the 
Portage  beds,  the  latter  containing  most  sandstone  and  some  nonmarine 
strata  toward  the  east.  The  western  sea  which  in  late  Medial  Devonian 
time  had  extended  eastward  only  to  Illinois  advanced  beyond  the  barrier 
that  had  prevented  a  connection  with  the  eastern  sea,  and  at  the  begin- 
ning of  the  Late  Devonian  there  was  a  continuous  marine  area  from  New 
\ork  to  the  lower  Mackenzie  Valley  and  to  the  Cordilleran  and  South- 
western regions  of  the  United  States. 

The  Late  Devonian  epoch  is  characterized  by  the  great  accumulation 
of  coarse  continental  deposits  that  form  the  upper  Catskill  beds,  and  the 
gradual  westward  restriction  of  the  sea  and  enlargement  of  the  land 
through  building  of  a  wide  piedmont  fan.  The  surface  of  this  fan  was  a 
gently  sloping  plain  that  extended  from  the  border  of  the  Devonian  high- 
lands in  Appalachia  to  the  shore  of  the  interior  sea.  At  its  maximum 
stage  of  development  near  the  close  of  Devonian  time,  the  Catskill  pied- 
mont plain  was  probably  not  less  than  200  miles  wide  and  it  extended  at 
least  500  miles  along  the  western  edge  of  Appalachia.  The  central  part 
of  the  plain,  and  the  region  of  thickest  continental  sedimentation,  was  in 
eastern  Pennsylvania.  Another  fan,  possibly  connected  originally  with 
that  of  the  Pennsylvania  region,  was  formed  in  the  region  south  of  the 
Gulf  of  St.  Lawrence.  The  fact  that  the  continental  deposits  came  grad- 
ually to  extend  farther  and  farther  west  shows  that  downward  sinking  of 
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the  Appalachian  geosyncline  did  not  keep  pace  with  the  rate  of  sedimenta- 
tion. Accordingly,  the  sea  was  filled  in  and  stream  deposits  were  spread 
out  to  increasing  distances  beyond  the  original  shore  at  the  west  edge  of 
Appalachia. 

The  youngest  marine  depo.sits  of  Late  Devonian  age,  that  is,  the 
Chemung  beds  of  New  York  and  adjacent  states,  are  most  sandy  in  the 
east  and  they  grade  westward  into  fine  dark  shale  of  the  Ohio  Valley 
region.  These  conditions  are  a  result  of  the  physical  geography  of  Late 
Devonian  time. 

Climate. — Evidence  of  climatic  conditions  in  Devonian  time  lies  in 
physical  characters  of  the  formations  and  the  nature  of  the  fossils.  The 
low  lands  and  widespread  limestone  deposits  imply  general  uniformity  of 
climate  during  the  early  and  middle  parts  of  the  period.  Corals  which 
are  abundant  in  the  limestones  of  the  eastern  United  States  and  also  of 
Arctic  regions  suggest  at  least  moderate  warmth. 

The  reddish  nonmarine  sediments  of  Medial  and  Late  Devonian  age, 
which  are  so  prominent  in  the  Appalachian  region  and  in  northern  Europe, 
have  been  interpreted  as  evidence  of  aridity.  As  noted  previously,  red 
color  does  not  of  itself  prove  extreme  dryness.  For  example,  yellowish- 
brown  sediments  in  which  the  color  is  due  to  hydrous  iron  oxide  may 
become  red  through  loss  of  the  combined  water.  Stream  deposits  of 
regions  that  are  alternately  wet  and  dry  are  commonly  of  this  character. 
The  physical  nature  of  the  Devonian  continental  sediments  suggests  a 
variable  climate  with  times  of  considerable  rainfall,  of  periodic  dryness, 
and  of  moderate  warmth.  The  similarity  of  the  land  plants  of  the  Upper 
Devonian  beds  in  eastern  North  America,  the  Arctic  region,  and  Europe 
suggest  an  absence  of  great  geographic  variation  in  the  later  Devonian 
climates,  but  the  presence  of  annual  rings  in  fossil  woods  from  Devonian 
black  shale  of  Kentucky  and  Indiana  points  to  the  existence  of 
fluctuations. 

Close  of  the  Period. — The  end  of  Devonian  time  is  marked  in  North 
America  by  geographic  changes  involving  general  withdrawal  of  the  seas 
from  the  continent,  by  at  least  local  crustal  disturbances,  and  by  changes 
in  the  faunas. 

The  earth  movements,  accompanied  by  considerable  igneous  activity, 
are  commonly  designated  as  the  Acadian  disturbance ,  for  the  most  pro- 
nounced structural  deformation  of  Devonian  rocks  and  the  most  impor- 
tant igneous  activity  are  centered  in  the  eastern  Canadian  country. 
Strong  elevation  of  northern  Appalachia  began  in  Medial  Devonian  time, 
and  there  were  similar  disturbances  of  this  borderland  farther  south, 
forming  the  so-called  Devonian  Highlands.  It  is  probable  that  a  con- 
siderable range  of  mountains  were  made.  Erosion  of  this  highland  or 
mountainous  region  furnished  .the  materials  of  the  Devonian  land  deposits 
of  the  Catskill  type  and  also  of  part  of  the  contemporaneous  marine  for- 
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mations/  The  Devonian  stratified  rocks  of  the  Acadian  region,  including 
some  of  the  very  late  Devonian,  were  strongly  folded.  Igneous  intrusion 
is  marked  by  volcanic  plugs  or  necks,  near  Montreal  and  elsewhere,  and 
by  granitic  batholiths.  It  is  noteworthy  that  the  earth  movements  belong 
to  the  middle  and  latter  parts  of  Devonian  time  rather  than  the  end  of  the 
period.  They  were  apparently  spread  over  a  long  time  and  they  greatly 
affected  sedimentation  in  the  eastern  part  of  North  America  in  the 
Devonian  period.  Much  of  the  vulcanism  is  of  late  Early  and  Medial 
Devonian  age. 

On  the  east  side  of  the  Ozarks  in  southeastern  Missouri  there  was  Late 
Devonian  faulting  in  which  the  rocks  were  displaced  at  least  1,000  feet, 
but  there  was  no  folding  of  the  strata.  Topographic  inequalities  pro- 
duced by  the  faulting  were  obliterated  by  erosion  before  Early  Mississip- 
pian  time,  for  marine  beds  of  the  latter  age  extend  evenly  across  the  fault 
lines,  covering  Devonian  on  one  side  and  Lower  Ordovician  on  the  other. 

A  great  range  of  mountains  were  formed  in  eastern  Australia  at  the 
close  of  Devonian  time. 

In  contrast  with  the  disturbances  described,  it  should  be  noted  that 
throughout  most  of  North  America  the  Devonian  and  succeeding  rocks 
lie  parallel.  A  disconformity  marks  the  boundary  between  Devonian 
and  Mississippian  strata  in  many  places,  but  in  others  there  is  difficulty 
in  determining  the  intersystemic  boundary. 

ECONOMIC  PRODUCTS 

The  chief  materials  of  economic  importance!  in  the  Devonian  rocks  of  North 
America  are  oil  and  gas.  These  are  found  in  largest  quantities  in  the  so-called  Appa- 
lachian fields  comprising  parts  of  southern  New  York,  western  Pennsylvania,  and 
West  Virginia.  The  oil  is  one  of  the  best  grades,  selling  at  prices  that  are  considerably 
above  average.  It  occurs  in  porous  sands  and  fine  conglomeratic  beds  of  the  Upper 
Devonian,  and  also  in  part  of  the  overlying  Mississippian  beds  of  this  region.  There 
is  a  large  quantity  of  natural  gas,  also  (chiefly  from  the  Oriskany  sandstone),  which  is 
especially  valuable  because  of  nearness  to  large  population  centers.  Middle  Devonian 
limestone  is  one  of  the  most  important  oil-producing  horizons  in  Kentucky  and  oil  is 
found  in  the  Lower  Devonian  limestone  of  Oklahoma.  A  test  well  secured  a  good  flow 
of  oil  near  the  base  of  the  Upper  Devonian  in  the  Mackenzie  River  Valley  about  1,000 
miles  north  of  railroad  transportation.  The  Upper  Devonian  black  shale  of  Indiana 
and  Ohio  contains  oil  that  may  be  commercially  valuable  in  the  future. 

Glass  sand  occurs  in  the  Oriskany  beds  of  the  Appalachian  region  from  Virginia 
to  the  Gasp6  Peninsula  in  Canada.  Moderately  thin  and  evenly  bedded  hard  sand- 
stone or  limestone  of  Devonian  age  has  been  extensively  quarried  for  use  in  building 
and  paving  (flagstone).  Black  phosphate-bearing  shaly  beds,  useful  as  a  fertilizer, 
occur  in  the  Upper  Devonian  of  Tennessee.  Novaculite,  which  is  a  very  fine,  even- 
textured  variety  of  chert  used  in  making  grinding  stones,  is  the  most  prominent  con- 
stituent of  the  Devonian  deposits  in  central  Arkansas.  In  addition,  Devonian  rocks 
are  much  used  as  a  source  of  stone  and  of  cement  manufacture  in  New  York,  Ohio, 
Indiana,  Ontario,  and  other  parts  of  .the  continent. 
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SUMMARY 

The  -Devonian  formations  consist  of  extensive  marine  beds,  chiefly 
limestone  and  shale,  and  of  unusually  thick,  locally  prominent  nonmarine 
red-beds  deposits.  The  marine  formations  are  noteworthy  for  the 
abundance,  variety,  and  excellent  preservation  of  fossils  in  many  places. 
The  nonmarine  rocks,  though  generally  unfossiliferous,  contain  the  oldest 
known  land  flora,  several  sorts  of  fishes,  and  the  first  evidence  of  land 
vertebrates. 

The  Devonian  rocks  are  bounded  below  and  above  in  most  places  by 
unconformities.  The  system  is  commonly  divided  into  three  parts, 
called  Lower,  Middle,  and  Upper. 

The  chief  outcrops  of  Devonian  beds  occur  in  the  Appalachian  region, 
the  eastern  Mississippi  Valley  and  Great  Lakes  area,  and  in  the  Mackenzie 
Basin  of  northwestern  Canada.  Additional  widely  scattered  exposures 
show  that  at  one  time  or  another,  chiefly  in  the  middle  portion  of  the 
period,  the  seas  covered  a  large  part  of  the  continent. 

The  best  Devonian  section  in  North  America  is  that  of  New  York 
State,  for  the  succession  of  deposits  is  essentially  complete,  the  formations 
contain  abundant  fossils,  and  there  are  excellent  exposures.  The  lateral 
gradation  and  interstratification  of  marine  and  continental  deposits  are 
also  well-shown.  Accordingly,  the  most  widely  used  names  in  the  Devo- 
nian stratigraphy  of  this  continent  come  from  New  York. 

The  Lower  Devonian,  which  is  best  developed  in  the  Appalachian 
district,  consists  typically  of  limestone  (Helderberg),  and  a  pure  quartz 
sandstone  and  cherty  limestone  (Oriskany). 

The  beds  classed  as  Middle  Devonian  contain  at  the  base  limestone 
beds  (Onondaga)  in  New  York,  the  eastern  Mississippi  Valley  and  south 
central  Canada.  These  strata  are  followed  by  thick  shaly  deposits 
(Hamilton)  that  grade  eastward  into  sandy  beds  and  continental  deposits 
(lower  Catskill)  and  westward  into  calcareous  beds.  Middle  Devonian 
strata  cover  a  large  territory  in  the  western  and  southwestern  parts  of 
the  continent. 

Upper  Devonian  deposits  of  the  Appalachian  area  consist  of  thick 
marine  shaly  and  sandy  beds  (Genesee,  Portage,  Chemung)  in  the  west 
and  of  continental  deposits  (Catskill)  in  the  east.  The  latter  represent 
a  great  piedmont  fan  that  was  spread  out  westward  from  a  highland 
region  of  Appalachia. 

The  elevation  of  Appalachia,  accompanied  by  folding  of  Devonian 
deposits  in  eastern  Canada  and  by  extrusion  and  intrusion  of  igneous 
rocks  in  this  region  and  New  England,  is  called  the  Acadian  disturbance. 
It  began  in  Medial  Devonian  time  and  culminated  in  the  late  part  of  the 
period. 


CHAPTER  XVII 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  MISSISSIPPIAN 

TIME 

The  rocks  called  Mississippian  are  equivalent  to  the  lower  part  of 
the  Carboniferous  system  of  common  European  classification,  and  the 
Pennsylvanian  rocks  correspond  to  the  upper  part  of  the  Carboniferous. 
The  consensus  of  judgment  among  American  geologists  increasingly 
supports  the  view  that  the  Mississippian  and  Pennsylvanian  deposits 
should  be  reckoned  as  independent  geologic  systems  rather  than  as  sub- 
ordinate divisions  (series)  of  a  so-called  system  that  combines  them.  The 
essential  reasons  for  this  view  are  found  (1)  in  the  occurrence  almost 
everywhere  of  an  important  unconformity  between  the  Mississippian 
and  Pennsylvanian  rocks,  and  this  is  true  of  equivalent  strata  in  Europe, 
(2)  in  broadly  contrasting  conditions  of  sedimentation  and  resultant 
lithologic  differences  of  the  two  divisions,  and  (3)  in  paleontologic 
distinctions.  These  evidences  will  be  examined  subsequently.  It  may 
be  remarked  that  the  length  of  geologic  time  represented  by  the  Mississip- 
pian is  apparently  greater  than  that  of  a  number  of  other  recognized 
periods,  and  that  the  Pennsylvanian  is  probably  half  again  as  long  as  the 
Mississippian.  Excellent  type  sections  of  these  systems  are  found  in  the 
Mid-Continent  region  of  North  America.  They  are  fitted  to  serve  as  a 
standard  for  comparison  with  deposits  of  similar  age  in  other  continents, 
and  it  is  possible  that  the  names  Mississippian  and  Pennsylvanian  may 
be  accepted  ultimately  with  world-wide  application. 

The  latter  part  of  Paleozoic  time  was  marked  by  a  tendency  of  the 
continental  areas  to  change  from  generally  submergent  to  broadly  emer- 
gent conditions.  The  Mississippian  formations,  like  those  of  older 
Paleozoic  systems,  are  dominantly  marine.  The  Pennsylvanian  rocks 
contain  a  large  proportion  of  continental  sediments  and  show  a  remark- 
able succession  of  alternating  marine  and  nonmarine  strata,  indicating 
that  the  average  surface  of  sedimentation  was  close  to  sea  level.  The 
Permian  system  contains  a  still  greater  proportion  of  beds  of  the  conti- 
nental type.  Accompanying  the  higher  average  stand  of 'the  continents 
in  Late  Paleozoic  time  there  was  mountain-building  in  many  parts  of  the 
world. 

Definition  of  Mississippian. — The  Mississippian  rocks  were  named 
from  exposures  in  the  bluffs  of  the  Mississippi  River  in  Iowa,  Illinois,  and 
Missouri.  These  exposures  show  a  nearly  unbroken  sequence  of  highly 
fossiliferous  strata  that  serve  to  define  clearly  the  important  character- 
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istics  of  the  system  and  to  mark  the  chief  stratigraphic  divisions  that  are 
applicable  to  other  regions.  The  Mississippi  River  section  of  Mississip- 
pian  rocks  corresponds  for  this  system,  therefore,  to  the  New  York  section 
of  Devonian  rocks  for  the  Devonian. 

The  base  of  the  Mississippian  is  marked  in  the  type  region  by  an 
easily  recognized  unconformity,  for  the  initial  Mississippian  beds  are 
found  in  different  places  to  rest  on  Middle  and  Lower  Devonian  forma- 
tions, on  Silurian,  and  on  several  Ordovician  formations.  This  implies 
that  erosion  prior  to  the  beginning  of  Mississippian  sedimentation 
removed  varying  amounts  of  older  rocks,  but  it  does  not  necessarily 
mean  that  all  of  the  erosion  belongs  to  the  interval  separating  time  of 


Fio.  145. — Middle  Mississippian  limestone  (St.  Joe)  resting  disconformably  on  Lower 
Ordovician  dolomite  (Cotter)  near  Reeds  Spring,  southwestern  Missouri.  (R.  C.  Moore, 
Missouri  Bur.  Geol.  and  Mines,) 

deposition  of  the  latest  Devonian  beds  of  the  region  from  that  of  the 
earliest  Mississippian  beds.  If  the  Mississippian  sea  covered  territory 
that  was  not  submerged  in  Devonian  time,  sediments  would  there  be  laid 
on  rocks  that  had  been  subject  to  erosion  since  Silurian  or  even  earlier 
time.  In  any  case,  the  lower  limit  of  the  Mississippian  system  in  most 
areas  is  well  established. 

There  are  some  regions,  however,  where  it  is  difficult  to  draw  a  line 
between  Devonian  and  Mississippian  deposits.  This  difficulty  is  natu- 
rally found  where  sedimentation,  either  marine  or  nonmarine,  was 
uninterrupted  from  one  period  to  the  next.  No  case  of  continuous 
marine  sedimentation  from  Devonian  into  Mississippian  time  is  definitely 
known  in  Norlh  America,  but  such  continuity  may  be  assumed  to  exist 
at  least  on  parts  of  the  continental  margins  and  in  the  ocean  basins. 
Continental  sedimentation  which  was  prominent  in  the  Appalachian 
region  in  Late  Devonian  time  continued  into  the  Early  Mississippian. 
The  lower  part  of  the  deposits  here  is  undoubtedly  Devonian,  while  the 
upper,  which  is  not  clearly  separable  from  the  lower,  is  Mississippian. 
The  Ohio  Valley  contains  a  succession  of  dark-gray,  black,  and  some 
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reddish  shale  that  is  mostly  very  poor  in  fossils,  but  some  of  the  beds 
can  be  identified  definitely  as  Devonian.  Shale  in  the  upper  part  of  this 
section,  however,  contains  fossils  and  shows  lithologic  characters  that 
are  identical  with  deposits  at  the  base  of  the  Mississippian  system  where 
it  unconf ormably  overlies  various  older  Paleozoic  beds.  The  division  of 
the  Devonian  and  Mississippian  portions  of  the  shale  in  the  Ohio  Valley 
region  is  therefore  not  settled  definitely. 

The  upper  boundary  of  the  Mississippian  rocks  is  marked  almost 
everywhere  by  a  prominent  unconformity,  the  characteristics  of  which 
will  be  described  in  the  following  chapter.  In  both  North  America  and 
Europe,  rocks  of  Mississippian  age  were  folded  and  faulted  in  certain 
regions  before  the  beginning  of  Pennsylvanian  sedimentation,  but  in 
most  places  the  bedding  planes  of  the  two  systems  are  essentially  parallel. 

General  Character. — In  both  North  America  and  Europe  there  are 
two  broadly  contrasting  types  of  Mississippian  marine  deposits,  the  one 
consisting  chiefly  of  limestone  and  the  other  composed  of  dark  shaly  and 
fine  sandy  sediments  with  little  or  no  limestone.  A  third  type  includes 
the  reddish  and  dark-colored  nonmarine  formations  that  occur  in  some 
regions. 

The  most  characteristic  kind  of  rock  in  the  Mississippian  section  of 
the  Mississippi  Valley  and  western  states  is  limestone.  The  nature  of 
the  limestone  varies  considerably  but  the  lithologic  features  of  each 
formation  or  stratigraphic  horizon  are  fairly  constant.  The  chief  varie- 
ties are  an  exceedingly  fine-grained,  dense,  bluish  limestone;  a  medium- 
to  very  coarse-textured,  crystalline  limestone  composed  largely  of  crinoid 
fragments;  and  oolitic  limestone.  Chert  is  exceedingly  abundant  in 
some  formations,  occurring  in  large  ellipsoidal  masses,  small  irregularly 
shaped  nodules,  and  continuous  beds.  It  is  interesting  to  observe  that 
the  chert  of  different  Mississippian  formations  can  be  differentiated  in 
many  instances  by  peculiarities  of  form  and  texture,  and  that  the  Missis- 
sippian chert  is  distinguishable  in  many  cases  from  chert  derived  from 
underlying  Ordovician  and  Upper  Cambrian  (Ozarkian)  strata.  The 
thickness  of  Mississippian  limestone  in  continuous  section,  that  is,  with 
practically  no  interbcdded  shale  or  sandstone  exceeds  1,000  feet  in  some 
places. 

The  so-called  " Carboniferous  limestone"  of  continental  Europe, 
which  is  of  Mississippian  age,  is  very  prominent  in  many  places.  Its 
reported  thickness  in  Ireland  and  part  of  England  is  as  much  as  3,000 
feet.  The  limestone  grades  laterally  into  shaly  and  sandy  beds. 

The  Mississippian  deposits  of  some  regions  consist  almost  entirely 
of  shale  and  sandstone.  This  applies  especially  to  the  Appalachian  and 
Ohio  Valley  regions  in  the  United  States,  and  in  Europe  it  distinguishes 
the  beds  called  Culm.  The  shaly  formations  are  mostly  very  dark-gray 
or  black.  The  sandstones  are  commonly  fine-grained  and  in  many  places 
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are  interbedded  with  shale.  Some  of  these  deposits  are  marine,  contain- 
ing a  distinctive  assemblage  of  invertebrates  adapted  to  a  muddy  sea 
bottom,  but  some  are  apparently  nonmarine,  for  the  only  fossils  are  the 
remains  of  land  plants.  The  thickness  of  Mississippian  shale  and  sand- 
stone beds  (Stanley)  in  the  Ouachita  Mountains  region  of  Arkansas  and 
southeastern  Oklahoma  is  at  least  6,000  feet,  and  it  is  more  than  twice 
this  amount  if  an  overlying  succession  of  sandstones  (Jackfork),  of 
debatable  Late  Mississippian  or  Early  Pennsylvanian  age,  belongs  to  the 
Mississippian. 

Red  shale  and  sandstone  (Mauch  Chunk)  with  a  maximum  thickness 
of  about  3,000  feet  form  the  upper  part  of  the  Mississippian  system  in 
much  of  the  Appalachian  region,  and  there  are  deposits  of  this  type  also 
lower  in  the  Mississippian.  They  are  evidently  of  nonmarine  origin. 
There  are  workable  coal  beds  in  a  few  of  the  Mississippian  continental 
formations  (in  Bland  and  Pulaski  counties,  Virginia,  and  the  Donetz 
Basin,  Russia). 

MISSISSIPPIAN  FORMATIONS  OF  NORTH  AMERICA 

Distribution. — Rocks  of  Mississippian  age  occur  throughout  much  of 
the  Mississippi  Valley;  the  Appalachian  Mountains  and  Plateau  region; 
the  western  United  States,  Canada,  and  Alaska;  and  in  eastern  Canada. 
The  total  area  covered  by  the  sea  at  some  time  during  this  period  is 
about  equivalent  to  that  of  Devonian  time,  but  the  distribution  of  the 
submerged  territory  is  somewhat  different.  Study  of  the  important 
characters  of  the  Mississippian  formations  of  North  America  may  be 
arranged  advantageously  according  to  the  following  outcrop  areas:  (1) 
the  type  region,  including  parts  of  Iowa,  Illinois,  and  Missouri;  (2)  the 
lower  Ohio  Valley,  including  parts  of  Indiana,  Kentucky,  Tennessee,  and 
Alabama;  (3)  the  Appalachian  Mountains  and  Plateau  area,  including 
parts  of  Pennsylvania,  Ohio,  Kentucky,  West  Virginia,  Virginia,  Mary- 
land, Tennessee,  and  Alabama;  (4)  the  Michigan  Basin;  (5)  the  Mid- 
Continent  region,  including  parts  of  Missouri,  Kansas,  Oklahoma, 
Arkansas,  and  Texas;  (6)  the  western  United  States  and  Canada;  and 
(7)  the  maritime  provinces  of  eastern  Canada. 

Classification. — The  Mississippian,  like  all  other  geologic  systems; 
especially  those  that  are  very  widespread  and  composed  of  varied  deposits 
with  differing  fossil  content,  includes  a  large  number  of  formations,  some 
of  which  are  fairly  extensive  and  easily  recognized,  whereas  others  are 
only  local  deposits.  The  classification  of  the  rocks  of  the  type  region 
should  be  applicable  in  major  features  at  least  to  other  areas,  but  because 
the  Mississippi  River  section  consists  almost  entirely  of  marine  limestones 
there  has  been  difficulty  in  establishing  its  exact  relationships  to  distant 
geologic  sections  composed  mostly  of  clastic  sediments,  especially  to 
those  that  consist  niainly  of  nonmarine  beds.  There  has  been  a  good 
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deal  of  variation  in  classification  of  the  Mississippian  rocks,  but  according 
to  present  knowledge  there  is  no  real  basis  for  some  of  the  groupings  that 
have  been  proposed.  We  shall  here  recognize  three  main  divisions  of  the 
Mississippian  system,  each  faith  broadly  distinguishing  lithologic  and 
faunal  characteristics,  each  marking  a  major  change  in  the  general  dis- 
tribution of  sea  and  land,  and  each  delimited  more  or  less  definitely  by 
unconformities.  These  are  the  Lower  Mississippian  or  Kinderhook 


FIG.  146. — Map  of  North  America  showing  outcrop  areas  of  the  Mississippian  system 
(black)  and  the  inferred  area  of  original  distribution  of  Mississippian  formations.  (J.  M. 
Wetter,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry  Holt  &  Company.] 

series,  the  Middle  Mississippian  or  Valmeyer  series,1  and  the  Upper 
Mississippian  or  Chester  series. 

The  Type  Mississippian  Section 

Kinderhook  Series, — The  oldest  Mississippian  deposit  that  is  seen  in 
the  section  along  Mississippi  River  consists  of  black  or  dark-colored  shale 

1  The  name  Valmeyer  is  proposed  by  J.  M.  Weller  and  A.  H.  Huiton  to  include  beds 
from  the  base  of  the  Osage  group  to  the  top  of  the  Ste.  Genevicve  limestone  and  strata 
of  equivalent  age. 
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that  rests  unconformably  on  Devonian  or  older  Paleozoic  rocks.  This 
deposit  (termed  Sweet/land  Creek  in  Iowa  and  Illinois,  and  Grassy  Creek 
in  northeastern  Missouri)  is  about  100  feet  in  maximum  thickness,  and 
it  is  fairly  widespread  as  shown  by  well  borings  and  outcrops.  Locally, 
especially  to  the  south,  it  thins  and  disappears.  The  black  shale  is  fairly 
uniform  in  character  and  evenly  bedded.  It  carries  a  scanty  fauna  of 
marine  or  perhaps  brackish-water  fishes,  thin  phosphatic-shelled  brachio- 
pods,  and  a  few  other  organisms. 

Southeastern  Iowa  and  northeastern  Missouri  contain  excellent 
exposures  of  the  beds  which  next  overlie  the  basal  Mississippian  shale. 
These  beds  consist,  in  ascending  order,  of  a  limestone  (Louisiana),  a 


FIG.  147. — Salem  ("Indiana  ;  imioHtoiu*  m  n  quarry  near  Bloomington,  Ind.  The 
limestone  is  sawed  in  large  blocks,  the  vertical  face  shown  in  the  photograph  being  due  to 
sawing.  Note  the  large  "suture  joint'*  or  stylolite.  (Carey  Croneis,  University  of  Chicago.) 

calcareous  sandy  shale  and  fine  sandstone  (Hannibal),  and  an  upper 
limestone  (Chouteau).  These  formations  vary  a  good  deal  in  thick- 
ness in  different  exposures,  their  average  total  being  a  little  over  100  feet. 
They  appear  to  be  rather  local  deposits  on  the  northeast  side  of  the 
Ozark  Uplift.  The  limestones  are  mostly  very  fine-grained  and  some- 
what thinly  bedded,  contrasting  markedly  with  the  limestones  of  the 
next  overlying  group.  Fossils  are  very  abundant  in  some  beds.  All  of 
these  Early  Mississippian  formations  are  classed  together  under  the  term 
Kinderhook  series. 

Valmeyer  Series. — We  come  now  to  the  most  prominent  and  in  some 
respects  the  most  interesting  Mississippian  formations  of  the  type  section, 
which  are  grouped  under  the  term  Valmeyer  series.  This  name  is  derived 
from  southern  Illinois,  where  the  rocks  of  this  series  are  well  exposed. 
The  Valmeyer  beds  in  the  Mississippi  Valley  region  consist  almost  exclu- 
sively of  limestone,  and  Ilicy  attain  a  maximum  thickness  of  more  than 
1,000  feet.  High  bluffs  along  the  Mississippi,  Missouri,  and  many  tribu- 
tary streams  where  these  rocks  occur  contain  splendid  exposures. 
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The  lower  Valmeyer  beds  (Osage  group)  consist  mostly  of  coarse- 
grained, crystalline,  and  thick-bedded  limestone.  Many  layers  are 
almost  entirely  composed  of  the  remains  of  crinoids,  which  accordingly 
must  have  covered  the  shallow  sea  floor  in  extraordinary  numbers. 
Whitish  or  bluish  chert  is  common.  It  occurs  in  thin  bands  or  lenses  or 
in  large  rounded  masses  2  or  3  feet  wide  and  1  to  2  feet  thick.  Some  of 
this  chert  is  very  fossiliferous,  indicating  that  the  silica  has  replaced  parts 
of  the  original  limestone,  enclosing  and  preserving  the  contained  fossils. 
This  is  the  more  interesting  since  in  many  cases  the  limestone  around  the 
chert  has  been  so  recrystallized  that  a  majority  of  the  original  fossils  have 
been  obliterated.  Another  feature  that  is  very  common  and  well  shown 
is  a  peculiarly  ragged  suture-like  joint  (stylolite)  subparallel  to  the  bed- 
ding. Limestones  of  different  color  and  texture  may  lie  on  opposite  sides 
of  a  stylolite,  interpenetrating  one  another  as  much  as  12  inches  in  some 
cases.  There  is  commonly  a  thin  film  of  clay  along  the  joint.  The  stylo- 
lites  are  apparently  due  to  removal  of  parts  of  the  limestone  beds  by 
differential  solution  and  compaction  of  the  remaining  beds  under  pressure 
of  the  overlying  strata. 

The  basal  part  of  the  Valmeyer 
series  consists  of  yellowish  impure 
magnesian  limestone,  or  of  partly 
reddish  limestone  and  calcareous 
shale  beds  (Fern  Glen),  that  rest 
disconformably  on  the  underlying 
Kinderhook  or  older  rocks  but  grade 
upward  without  break  into  the 
overlying  beds.  The  average  thick- 
ness of  these  beds  is  about  40  feet.  FIG.  148.— -A  geode  broken  in  half  to 
The  next  part  (Burlington)  aver-  show  the  hollow  interior,  from  the  Warsaw 
*  N  ...  formation,  near  Warsaw,  111.  (Illinois 

ages  a  little  over  100  feet  in  thickness  GCOL  Survey.) 
and  includes  the  most  thick-bedded, 

light-colored  crinoidal  limestone  of  the  Osage  group.  Some  of  the 
beds  are  very  pure,  consisting  of  more  than  99  per  cent  calcium 
carbonate.  The  third  formation  (Keokuk),  about  70  feet  thick 
along  the  Mississippi  River  in  southeastern  Iowa,  is  more  thinly  bedded 
and  bluish  in  color  and  many  of  the  fossils  differ  from  those  of  the  under- 
lying beds.  The  succeeding  limestone  and  associated  very  fossiliferous 
calcareous  shale  (Warsaw)  lie  conformably  on  the  Keokuk  beds  and  the 
fauna  is  closely  similar  in  many  features  to  that  of  the  subjacent  rocks. 
The  maximum  thickness  of  Warsaw  strata,  in  southern  Illinois,  is  about 
250  feet.  A  characteristic  feature  of  this  formation  in  many  places  is 
the  common  occurrence  of  geodes.  These  are  hard  concretionary  masses 
of  irregularly  spherical  form,  mostly  several  inches  in  diameter.  The 
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interior  of  the  concretion  is  hollow  or  filled  to  varying  extent  with  mineral 
deposits  of  different  sorts  that  often  show  beautiful  crystals. 

The  upper  Valmeyer  formations  (Meramec  group)  are  best  exposed 
in  the  vicinity  of  St.  Louis.  The  lithologic  and  paleontologic  characters 
of  these  beds  are  broadly  distinguished  from  those  of  the  underlying 
strata.  Apparently  conformable  upon  the  Warsaw  formation,  but  not 
everywhere  clearly  differentiated,  are  thick  beds  of  fragmental  or  granu- 
lar, partly  oolitic  limestone  (Salem)  that  contains  large  numbers  of  small 
brachiopods  and  other  fossils.  This  formation,  which  is  named  from  a 
locality  in  Indiana,  occurs  in  western  Illinois  and  extends  as  far  north 
as  southern  Iowa.  Its  maximum  thickness,  observed  in  southeastern 
Missouri,  is  160  feet.  The  next  higher  formation  is  a  blue-gray,  very 
fine-grained,  dense,  thick-bedded  limestone  (St.  Louis),  which  is  much 
less  fossiliferous  in  most  places  than  some  of  the  associated  formations. 
The  thickness  of  this  limestone  near  St.  Louis  is  about  300  feet.  At  the 
top  of  the  Middle  Mississippian  series  is  a  prominent  light-colored, 
commonly  oolitic  limestone  (Ste.  Genevieve)  that  is  best  developed 
in .  southeastern  Missouri,  southern  Illinois,  and  western  Kentucky'. 
Locally,  there  is  a  disconformity  at  the  base  of  this  limestone,  but  else- 
where the  boundary  at  the  base  is  arbitrary.  Some  beds  are  hardly 
distinguishable  in  lithologic  character  from  the  typical  St.  Louis  limestone. 
Sandstone  occurs  in  a  part  of  the  formation  in  southern  Illinois.  The 
maximum  thickness  of  the  Ste.  Genevieve  beds  is  about  320  feet  (western 
Kentucky). 

Chester  Series. — The  Upper  Mississippian  rocks  are  classed  together 
under  the  name  Chester  series.  The  type  section  of  these  beds,  which 
is  located  in  southern  Illinois,  shows  a  total  thickness  of  about  1,200  feet. 
The  strata  consist  of  interbedded  limestone,  shale,  and  sandstone,  all  of 
variable  lithologic  character.  •  There  are  very  many  changes  in  the 
nature  of  the  rocks  vertically,  but  each  of  the  dozen  or  more  formations 
that  have  been  differentiated  are  fairly  persistent  horizontally.  A 
distinct,  widespread  disconformity  separates  the  Chester  rocks  from 
underlying  Middle  Mississippian  formations.  In  southern  Illinois  the 
basal  Chester  consists  of  sandstone  or  of  sandy  shale  and  limestone  that 
in  places  contain  pebbles  derived  from  the  older  rocks.  Locally,  the 
bottommost  Chester  beds  are  found  resting  on  various  parts  of  the 
Ste.  Genevieve  limestone  or  on  the  St.  Louis  limestone.  These  pre- 
Chester  formations  were  subjected  to  gentle  folding  and  erosion  before 
the  beginning  of  Upper  Mississippian  sedimentation  in  this  region.  Else- 
where, che  break  between  Valmeyer  and  Chester  deposits  is  strongly 
defined.  The  entire  upper  half  of  the  Middle  Mississippian  strata  is 
absent  on  the  southwest  flank  of  the  Ozarks,  and  Chester  deposits  occur 
directly  on  beds  as  old  as  the  Burlington.  There  is  a  widespread  hiatus 
at  the  base  of  Chester  formations  in  the  Appalachian  region  also,  the 
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next  underlying  strata  ranging  in  age  from 
St.  Louis  (or  possibly  Ste.  Genevieve)  to 
very  early  Valmeyer. 

The  limestones  of  Chester  age  in  the 
southern  Illinois  and  western  Kentucky  region 
are  mostly  thin-bedded,  fine-  to  medium- 
grained  rocks,  ranging  in  color  from  light-gray 
to  almost  black.  Oolite  is  prominent  in 
places.  Some  beds  are  very  cherty.  Shale 
occurs  between  most  of  the  thin  limestone 
beds  and  is  associated  with  some  of  the  sand- 
stones. Most  of  the  shale  is  calcareous  and 
light-colored,  some  is  carbonaceous  and 
nearly  black,  and  a  few  beds  are  strongly 
ferruginous  and  red-colored.  The  sandstones 
are  in  part  thinly  bedded,  ripple-marked 
somewhat  shaly  formations,  and  in  part  they 
are  massive  and  irregularly  cross-bedded. 
Almost  all  of  the  sandstones  are  fine-grained 
and  yellowish  brown  in  color.  A  few  thin 
beds  of  coal  occur.  Fossils  are  extraordinarily 
abundant  in  some  of  the  shale  and  limestone 
beds.  The  Chester  fauna  is  readily  dis- 
tinguished from  that  of  the  preceding  Missis- 
sippian  formations. 

An  interesting  feature  of  the  Chester  series 
in  the  Mississippi  Valley  area  is  the  occurrence 
of  a  fairly  regular  succession  of  alternating 
sandy  and  calcareous  formations.  A  sand- 
stone formation  that  rests  disconformably  on 
the  next  older  beds  is  followed  conformably 
by  a  formation  consisting  of  limestone  inter- 
bedded  with  shale.  Above  the  limestone  is 
a  disconformity  and  another  pair  of  sand- 
stone and  limestone  formations.  The  dis- 
conformities  evidently  denote  temporary 
retreats  of  the  sea  from  the  region  under 
consideration.  The  sandstones  comprise  the 
initial,  mainly  terrigenous  sediments  of  the 
readvancing  seas,  and  the  conformably  over- 
lying limestones  and  shales  are  deposits  made 
in  the  clear  shallow  waters  of  the  stages  of 
maximum  inundation.  At  least  eight  such 
cycles  of  advance  and  retreat  of  the  Cheater  sea 
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era  Illinois  and  Kentucky  region.  The  causes  of  this  remarkable  rhythmic 
oscillation  of  the  sea  level  are  obscure,  but  we  shall  observe  that  much 
the  same  sort  of  rhythm  characterizes  a  great  deal  of  the  sedimentation 
of  Pennsylvanian  time. 

The  Lower  Ohio  Valley  Regio- 

Extensive  outcrops  of  Mississippian  rocks  that  appear  in  Indiana, 
western  and  south  central  Kentucky,  Tennessee,  and  northwestern 
Alabama  may  be  considered  together. 

The  Lower  Mississippian  series  is  represented  by  black  shale  (Chatta- 
nooga) which  is  less  than  50  feet  in  average  thickness  but  is  present 
throughout  all  of  this  region.  Black  shale  (New  Albany),  partly  Upper 
Devonian  and  partly  Lower  Mississippian,  is  400  to  500  feet  thick  in 
southern  Indiana  and  western  Kentucky.  A  thin  limestone  of  late 
Kinderhook  age  occurs  locally  in  Indiana.  It  is  interesting  chiefly 
because  it  contains  cephalopods  that  are  seemingly  identical  with  index 
fossils  of  the  Early  Lower  Carboniferous  of  Belgium. 

The  Middle  Mississippian  beds  of  the  lower  Ohio  Valley  region  are 
partly  similar  and  partly  very  unlike  corresponding  strata  of  the  type 
section.  The  Indiana-Kentucky  area  contains  shale  with  thin  limestone 
and  sandstone  beds,  500  to  800  feet  thick,  in  the  lower  part,  and  lime- 
stones, 300  to  400  feet  thick,  in  the  upper  part.  The  Salem  limestone  of 
south  central  Indiana  is  quarried  on  a  huge  scale  for  building  stone.  The 
Tennessee- Alabama  area  contains  about  300  to  400  feet  of  Middle  Missis- 
sippian limestones,  representing  all  of  the  formations  (except  Upper 
Burlington)  in  the  type  region.  The  lower  beds  are  exceedingly  cherty. 

The  Upper  Mississippian  beds  are  similar  in  character  and  contin- 
uous with  the  Chester  formations  of  southern  Illinois.  Limestone  belong- 
ing in  the  lower  part  of  the  series  is  especially  prominent  in  west  central 
Kentucky,  where  there  are  thousands  of  caves  and  sink  holes  formed  by 
the  solvent  action  of  ground  water  on  the  Chester  and  Valmeyer  lime- 
stones. Mammoth  Cave  is  the  best  known  of  the  larger  caverns. 

The  Appalachian  Region 

The  Mississippian  system  is  represented  by  outcrops  in  the  western 
part  of  the  Appalachian  Mountains  belt  extending  from  Pennsylvania  to 
Alabama.  The  rocks  are  folded  and  in  places  broken  by  large  thrust 
faults,  the  outcrops  occurring  in  elongate  bands  that  are  bordered  on  one 
side  by  Devonian  rocks  and  on  the  other  by  Pennsylvanian  formations. 
The  Appalachian  Plateau  region,  in  which  the  strata  are  subhorizontal,  is 
underlaid  by  Mississippian  rocks,  and  the  outcrops  along  the  western 
margin  of  the  plateau  in  Ohm  and  eastern  Kentucky  are  included  in 
describing  this  region, 
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The  outstanding  feature  of  the  Mississippian  formations  in  the 
Appalachian  district  is  the  great  preponderance  of  shale  and  sandstone 
over  limestone.  Also,  much  of  the  shale  and  sandstone  is  of  nonmarine 
origin.  The  total  thickness  of  these  rocks  in  parts  of  the  Appalachian 
region  is  more  than  5,000  feet.  This  is  considerably  greater  than  the 
thickness  of  the  system  in  the  lower  Ohio  or  Mississippi  River  sections. 

Lower  Mississippian  deposits  consisting  of  black  shale  are  widespread 
in  Ohio,  eastern  Kentucky,  and  the  southern  Appalachians.  There  is 


FIG.  150. — Diagram  showing  structure  and  topographic  expression  of  Mississippian 
and  associated  formations  in  southeastern  Pennsylvania  near  Harrisburg.  The  Missis- 
sippian  rocks  include  the  resistant  Pocono  sandstone  which  makes  Peters,  Cove,  and  Second 
Mountains,  and  the  overlying  soft  shale  (Mauch  Chunk)  which  makes  valleys.  (D.  W. 
Johnson,  Columbia  University  Press.) 

also  a  thin  but  extensive  sandstone  (Berea)  which  in  the  east  forms  the 
basal  part  of  the  prominent  Pocono  sandstone.  The  thickness  of  Lower 
Mississippian  beds  reaches  a  maximum  of  about  300  feet. 

Rocks  of  Medial  Mississippian  age  consist  almost  entirely  of  sand- 
stone and  shale  (Pocono)  which  toward  the  easf  increase  in  thickness, 
in  predominance  of  sand,  and  in  coarseness.  The  sandstone  attains  a 
maximum  thickness  of  about  2,000  feet.  It  is  resistant  to  erosion  and 
therefore  makes  prominent  mountain  ridges.  In  Ohio,  the  equivalents  of 
the  Pocono  consist  largely  of  shale  (Cuyahoga)  and  overlying  sandstone 
and  shale  (Logan)  with  a  total  maximum  thickness  of  about  900  feet. 
These  beds  are  all  of  very  early  Yalmeyer  age,  the  later  Medial  Mississip- 
pian being  absent  (unless  the  thin  Maxville  limestone  of  this  region, 
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possibly  of  Ste.  Genevieve  age,  belongs  here).  Southwestern  Virginia 
and  eastern  Tennessee  contain  both  early  and  late  Medial  Mississippian 
rocks,  the  latter  including  some  red  shale  with  salt  and  gypsum  deposits 
(possibly  of  Warsaw  age)  overlaid  by  Meramec  limestone. 

The  Upper  Mississippian  of  the  Appalachian  region  commonly  begins 
with  limestone  (Greenbrier)  of  early  Chester  age  that  rests  unconformably 
on  lower  Middle  Mississippian.  This  limestone,  interbedded  with  shale, 
has  a  maximum  thickness  in  southern  West  Virginia  where  it  is  about 
1,500  feet  and  represents  a  considerable  part  of  Chester  time.  North- 
eastward, the  limestone  becomes  very  thin  and  disappears  in  Pennsyl- 
vania. The  overlying  strata  consist  of  red  shale  alternating  with  thin 
red  sandstone  beds  (Mauch  Chunk),  the  thickness  ranging  from  a  very 
few  feet  in  the  west  to  about  3,000  feet  in  eastern  Pennsylvania  and  3,450 
feet  in  southern  West  Virginia.  Physical  characters,  such  as  color, 
irregularity  of  beds,  abundant  cross-bedding,  distribution  of  thickness 
and  coarseness,  presence  of  mud  cracks,  rain  prints,  and  organic  evidence, 
such  as  the  poorly  preserved  remains  of  land  plants,  tracks  of  land  ani- 
mals, and  absence  of  marine  fossils,  indicate  that  these  Late  Mississippian 
deposits  are  of  continental  origin.  They  probably  represent  sedimenta- 
tion by  streams  that  flowed  westward  from  Appalachia,  building  a  low- 
gradient  piedmont  fan.  The  conditions  are  thus  comparable  to  those  of 
Late  Devonian  time  in  this  region,  except  that  the  average  texture  of  the 
land  deposils  of  Mississippian  age  is  much  finer.  The  Mauch  Chunk 
beds  are  soft  and  easily  eroded,  forming  valleys. 

The  Michigan  Basin 

The  Mississippian  area  of  Michigan  is  fairly  large,  but  because  of  a 
thick  covering  of  glacial  drift  the  rock  strata  are  not  well  exposed.  The 
total  thickness  of  the  system  in  this  region  is  2,000  feet  or  less,  all  of  which 
belongs  to  the  Lower  and  Middle  Mississippian.  The  succession  and 
general  character  of  the  beds  are  most  similar  to  those  of  the  Ohio  section, 
shale  and  sandstone  strongly  predominating.  The  upper  part  of  the 
JVpddle  Mississippian  contains  about  200  feet  of  beds  in  which  anhydrite, 
gypsum,  dolomite,  and  salt  are  prominent.  This  gives  evidence  of 
evaporation  of  a  part  of  the  Mississippian  sea,  and  it  appears  to  correspond 
in  age  to  the  salt-  and  gypsum-bearing  beds  of  southwestern  Virginia. 

The  Mid-Continent  Region 

Southwestern  Missouri,  southeastern  Kansas,  northern  and  central 
Arkansas,  northeastern  and  southern  Oklahoma,  and  central  and  western 
Texas  contain  outcrops  of  Mississippian  formations.  In  addition,  many 
thousands  of  deep  wells  have  penetrated  the  Mississippian  in  the  Mid- 
Continent  oil  fields,  so  that  the  distribution  and  general  character  of  the 
system  beneath  the  surface  are  known  over  a  large  territory. 
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Lower  Mitwisxippian  beds  are  widespread,  being  represented  mainly 
by  black  shale  (Chattanooga)  that  is  exposed  on  the  flanks  of  the  Ozark 
Uplift  and  recognized  in  wells  throughout  much  of  Kansas  and  Oklahoma. 
The  unconformity  at  the  base  of  the  Mississippian  in  this  region  is  strik- 
ingly shown  by  the  observation  that  in  different  places  the  black  shale 


Fio.    151. — Map  of  Kansas  and  Oklahoma  showing  distribution  of  formations  beneath 

the  Mississippian  rocks. 

The  map  shows  the  outcrop  areas  that  would  appear  if  the  Mississippian  and  overlying  rocks  were 
removed.     (After  //.  W.  McClcllan.') 

rests  on  the  eroded  surface  of  all  older  Paleozoic  formations  down  to  the 
Cambrian,  and  locally  it  lies  on  pre-Cambrian.  By  means  of  information 
from  wells  it  is  possible  to  mark  out  the  area  of  contact  of  each  pre- 
Mississippian  formation  with  the  basal  Mississippian  black  shale;  and 
this,  obviously,  shows  what  would  be  the  outcrop  of  each  pre-Mississippian 
formation  if  all  of  the  Mississippian  and  younger  rocks  were  removed. 
A  map  showing  the  distribution  of  outcrops  in  a  region  at  some  given 
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time  in  the  geologic  past  may  be  termed  a  paleogeologic  map,  for  it 
represents  areal  geology  at  an  ancient  time.  This  kind  of  map  of  the 
Mid-Continent  region  representing  outcrops  of  formations  at  the  begin- 
ning of  Mississippian  time  (Fig.  151)  has  much  economic  value,  for  some 
of  the  pre-Mississippian  formations  are  commonly  found  to  be  important 
containers  of  oil  while  others  are  not,  and  the  map  shows  where  the  oil- 
bearing  formations  are  present.  The  map  also  affords  information  (if 
the  thickness  of  the  formations  is  known)  as  to  the  depth  of  oil-bearing 
strata  at  a  given  place  beneath  the  base  of  the  Mississippian  rocks. 

The  Ouachita  and  Arbuckle  Mountains  areas  in  southern  Oklahoma 
and  Arkansas  contain  Lower  Mississippian  beds  consisting  largely  or 
wholly  of  chert,  and  in  the  Arbuckle  Mountains  there  is  an  upper  Kinder- 
hook  limestone  that  ranges  to  200  feet  in  thickness. 

Middle  Mississippian  formations  appear  to  be  confined  to  the  northern 
part  of  the  Mid-Continent  region,  except  for  thin  deposits  on  the  flank 
of  the  Llano  Uplift  in  central  Texas.  The  beds  consist  of  massive, 
medium-  to  coarse-grained,  crystalline  limestone  that  commonly  contains 
a  very  large  amount  of  chert.  Much  of  southwestern  Missouri  and 
neighboring  territory  in  other  states  is  mantled  by  nodules  and  angular 
fragments  of  Mississippian  chert  that  have  been  left  as  a  residue  by 
weathering  of  the  limestone.  The  age  of  the  limestone  ranges  from  Fern 
Glen  to  Warsaw.  Strata  of  later  Valmeyer  age  also  were  deposited  in 
this  region  but  they  were  almost  entirely  removed  by  erosion  before 
Chester  time.  Early  Mississippian  limestones  underlie  most  of  Kansas 
and  northern  Oklahoma,  where  they  are  commonly  designated  as  the 
" Mississippi  lime." 

The  Upper  Mississippian  is  represented  in  northern  and  central 
Arkansas,  southern  Oklahoma,  and  Texas.  The  beds  on  the  south  flank 
of  the  Ozarks  in  northern  Arkansas  consist  of  thick  marine  black-shale 
deposits  and  some  sandstone  and  limestone.  There  are  beds  (Caney) 
of  corresponding  age  and  character  adjacent  to  the  Arbuckle  Mountains. 
These  formations  rest  unconformably  on  Middle  or  Lower  Mississippian 
rocks.  Deep  drilling  has  recently  shown  the  existence  of  800  feet  or 
more  of  Chester  sediments  in  northwestern  Oklahoma.  The  Ouachita 
Mountains  contain  a  great  thickness  (to  6,000  feet)  of  mostly  unfossil- 
iferous  dark  shale  beds  alternating  with  fine-grained  greenish  sandstones, 
and  these  are  followed  by  massive  sandstones  with  a  reported  thickness 
up  to  6,600  feet.  Scanty  land-plant  remains  indicate  that  the  lower  of 
these  formations  is  probably  Upper  Mississippian,  and  the  thick  sandstone 
may  belong  here  also,  but  this  is  not  yet  established  definitely. 

Western  North  America 

Limestone  deposits  of  Mississippian  age  are  distributed  over  very 
lance  areas  in  the  western  United  States  and  Canada.  The  most  wide- 
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spread  and  prominent  portion  of  the  deposits  is  that  called  Madison 
limestone,  a  very  massive,  fairly  uniform  light-gray  rock  that  commonly 
forms  sheer  cliffs.  Its  average  thickness  is  about  300  feet,  but  in  north- 
western Wyoming  it  is  1,600  feel  thick.  The  summit  portions  of  the 
Bearpaw  Mountains  and  other  mountain  uplifts  in  Montana  are  made 
by  the  Madison  limestone.  The  most  striking  cliff  maker  in  the  Grand 
Canyon  region  is  also  this  limestone,  which,  however,  is  designated  here 
by  the  name  Red  wall.  The  fossils  occur  rather  sparingly  in  most  places 
but  they  show  that  the  Madison  is  of  lower  Osage  age,  that  is,  Fern  Glen 
to  Kookuk,  inclusive.  The  upper  Middle  Mississippian  appears  to  be 
lacking  in  the  western  region,  unless  certain  limestone  .beds  of  Montana 


FIG.   153. — Mississippian  limestone  resting  disconformahly  on   Cambrian  sandstone, 
near  Nowood,  Wyo.     (N.  //.  Darton,  U.  N.  (ftnl   Smni/.) 

are  of  St.  Louis  age.     Upper  Mississippian  or  Chester  limestone  beds  are 
found  in  Nevada,  Utah,  Wyoming,  Idaho,  and  California. 

Maritime  Provinces  of  Canada 

Mississippian  deposits  of  continental  origin  are  found  in  Nova  Scotia, 
New  Brunswick,  and  eastern  Quebec.  They  consist  of  coarse  con- 
glomerate, sandstone,  and  siliceous  shale  (Horton  and  Albert  beds)  which 
have  a  total  reported  thickness  up  to  3,400  feet .  Locally  these  beds  rest 
on  steeply  upturned,  erosion-truncated  Devonian  and  Silurian  strata, 
and  in  the  conglomerates  there  are  pebbles  of  fossil-bearing  older  Paleozoic 
limestones.  Some  of  the  Mississippian  strata  contain  abundant  remains 
of  land  plants,  including  numerous  stumps  and  trunks  of  small  trees 
standing  erect  in  the  position  of  growth;  there  are  also  remains  of  many 
fresh- water  fishes 

The  later  part  of  Mississippian  time  is  represented  in  the  eastern 
Canadian  region  by  conglomerates,  sandstones,  shales,  thin  dolomitic 
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limestones,  and  much  gypsum  (Windsor  and  Cheverie  series).  These 
rocks  are  largely  marine  and  some  of  the  beds  contain  numerous  fossils. 
The  faunas  appear  to  be  more  related  to  those  of  Lower  Carboniferous 
deposits  in  England  than  to  other  Mississippian  faunas  of  North  America. 
The  thickness  of  these  rocks,  which  occur  in  New  Brunswick,  Nova 
Scotia,  and  Newfoundland,  is  about  2,000  feet. 

MISSISSIPPIAN  FORMATIONS  OF  OTHER  CONTINENTS 

Europe. — Rocks  of  Missiseippian  age  are  widespread  in  Europe  and  in  some  parts 
of  the  continent  they  attain  a  thickness  of  more  than  5,000  feet.  The  name  Lower 
Carboniferous  is  commonly  used  but  the  formations  included  under  this  term  in 
Europe  are  as  clearly  entitled  to  rank  as  an  independent  geologic  system  as  the 
corresponding  rocks  in  America.  The  so-called  Lower  and  Upper  Carboniferous  are 
separated  in  practically  all  European  localities  by  a  well-defined  disconformity  or 
unconformity,  and  there  are  distinguishing  paleontologic  and  lithologic  characters 
like  those  that  separate  Mississippian  and  Pennsylvanian  deposits  in  the  United 
States.  The  Lower  Carboniferous  rocks  were  strongly  folded  and  beveled  by  erosion 
in  several  parts  of  western  Europe  before  deposition  of  Upper  Carboniferous  beds. 

The  Lower  Carboniferous  in  most  of  western  Europe  consists  of  massive  limestone 
containing  many  marine  fossils.  This  has  been  called  the  Mountain  limestone  in 
Great  Britain,  but  it  is  more  commonly  known  at  present  as  the  Carboniferous  lime- 
stone (Kohlenkalk).  Chert  is  abundant  in  some  beds.  The  total  thickness  of  the 
limestone,  including  associated  minor  shaly  and  sandy  beds,  is  about  3,000  feet  in 
Ireland,  and,  including  a  larger  proportion,  of  shale,  sand,  and  some  coal  beds,  the 
thickness  exceeds  7,500  feet  in  north  central  England. 

Part  of  southern  England  and  much  of  continental  Europe  east  of  the  Rhine 
contain  a  different  type  of  lx>wer  Carboniferous  deposits  consisting  of  dark  shale, 
sandstone,  and  some  conglomerate,  but  almost  no  limestone.  These  deposits,  which 
are  called  Culm  beds,  are  equiyalent  in  age  to  the  thick  marine  limestones.  They 
contain  a  distinctive  grouping  of  molluscan  fossils  among  which  are  cephalopods,  and 
therefore  the  beds  are  marine  or  at  least  brackish-water  in  origin.  There  are  also 
some  layers  that  contain  land  plants,  and  lateral  gradation  into  continental  deposits 
containing  coal  beds  is  observed.  The  sandy  and  shaly,  in  part  coal-bearing,  portion 
of  the  Lower  Carboniferous  deposits  in  Europe  is  similar  in  many  ways  to  the  Mississip- 
pian deposits  of  the  Appalachian  region  in  North  America  which  also  grade  westward 
into  thick  limestones.  Workable  coal  beds  of  considerable  economic  importance  occur 
in  the  Lower  Carboniferous  of  southern  Russia  (Donetz  Basin)  where  the  thickness 
of  the  system  is  reported  to  reach  the  very  large  total  of  22,000  feet. 

Other  Continents.— Asia  contains  widespread  Lower  Carboniferous  marine  beds, 
the  most  important  areas  being  found  in  Asia  Minor,  Persia,  southwestern  Siberia, 
and  China.  Marine  and  nonmarine  deposits  of  Mississippian  age  occur  also  in 
Australia,  northern  and  southern  Africa,  and  in  South  America  (mainly  Argentina, 
Chile,  Bolivia,  and  Brazil). 

PHYSICAL  HISTORY  OF  MISSISSIPPIAN  TIME 

The  main  features  of  Mississippian  history,  as  regards  North  America 
in  particular,  may  now  be  set  down  in  chronologic  sequence,  statement 
of  the  changing  conditions  in  different  regions  being  based  on  observation 
and  interpretation  of  the  Mississippian  formations'  that  have  been 
described. 
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Early  Mississippian  Epoch. — At  the  beginning  of  Mississippian  time 
the  Appalachian  borderland  appears  to  have  been  still  moderately 
elevated,  for  large  quantities  of  sand,  silt,  clay,  and  some  gravel  are 
found  in  the  Lower  and  Middle  Mississippian  rocks  of  the  Appalachian 
geosyncline.  These  land-derived  sediments  were  spread  westward  into 
the  Ohio  Valley  but  were  not  carried  far  beyond  the  Cincinnati  Upwarp. 
The  northern,  central,  and  western  parts  of  the  continent  were  evidently 
very  low  land  at  the  beginning  of  the  Mississippian  period.  Much  of 
this  territory  had  been  submerged  in  Late  Devonian  time,  indicating 
general  lowness  then;  but  there  is  a  hiatus  between  the  latest  Devonian 
and  earliest  Mississippian,  showing  that  there  was  some  emergence.  The 
Early  Mississippian  deposits  of  the  interior  are  neither  very  thick  nor 
preponderantly  sandy,  and  thus  they  denote  an  absence  of  extensive 
erosion  of  land  areas. 

Except  a  thin  and  rather  local  veneer  of  sand,  the  initial  Missis- 
sippian deposit  in  most  of  the  central  part  of  the  continent  is  black  shale. 
In  the  Ohio  Valley  region  this  black  shale  marks  a  continuation  or 
resumption  of  conditions  that  had  prevailed  in  the  Late  Devonian,  but- 
over  a  large  area  west  of  the  Mississippi  and  apparently  also  in  the 
Tennessee-Alabama  region  the  shale  was  spread  over  country  that  had 
been  land  during  Late  Devonian  time.  The  conditions  of  sedimentation 
represented  by  the  black  shale  are  not  clearly  understood,  but  it  is  certain 
that  the  shale  was  deposited  in  a  shallow  continental  sea.  That  the  sea 
was  not  exactly  of  the  normal  type  is  shown  by  the  very  restricted 
assemblage  of  fossils  which  include  certain  invertebrates  of  marine  deriva- 
tion that  were  probably  adapted  to  brackish-water  conditions,  an  abun- 
dance of  land-plant  spores,  and  not  uncommon  pieces  of  wood.  The 
spores  could  readily  have  been  transported  by  wind,  and  the  wood  could 
have  been  floated  to  the  sea  area  by  streams.  Perhaps  the  blackness  of 
the  shale  is  largely  due  to  occurrence  of  black  humus-rich  soils  on  land 
adjacent  to  this  sea,  the  material  of  the  soils  being  the  chief  source  of  the 
shale  sediments;  such  black  soils  are  common  today  in  some  regions,  as 
especially  in  parts  of  Russia.  Whatever  may  have  been  the  conditions 
of  origin,  the  making  of  black  shale  deposits  is  one  of  the  important 
features  of  Early  Mississippian  time. 

The  occurrence  in  the  upper  part  of  the  Lower  Mississippian  series 
of  local  limestone  and  shale  formations  and  some  sandy  beds  containing 
abundant  marine  fossils  of  normal  aspect  shows  a  change  in  conditions 
following  deposition  of  the  black  shale.  Absence  of  these  later  formations 
in  many  places  implies  emergence  during  this  part  of  Kinderhook  time. 
Apparently  the  late  Kinderhook  sea  did  not  extend  far  east  of  the  Missis- 
sippi but  it  submerged  a  large  area  in  the  west  that  had  previously  been 
land.  Strongly  marked  local  variations  in  the  character  and  thickness 
of  the  Early  Mississippian  formations  on  the  flanks  of  the  Ozark  Uplift 
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suggest  that  the  sea  surrounded  but/  did  not  cover  the  central  part  of  the 
uplift,  which  accordingly  would  make  a  fairly  large  island.  Some  of  the 
Kinderhook  sediments  were  certainly  derived  from  the  Ozark  area,  and 
slight  differences  in  faunas  on  opposite  sides  of  the  uplift  may  represent 
differences  in  environment  that  were  due  mainly  to  existence  of  the  large 
island. 

Medial  Mississippian  Epoch. — The  chief  feature  of  Medial  Missis- 
sippian  time  is  a  great  expansion  of  the  sea  in  the  interior  and  western 
portions  of  North  America,  and  the  accumulation  in  the  clear  waters  of 
this  sea  of  thick  beds  of  limestone,  some  of  which  abound  in  well-pre- 
served fossils.  The  fact  that  the  basal  subdivision  (Fern  Glen)  of  the 


FIG.  154. — Cherty  St.  Louis  limestone,  Tazewell  County,  southwestern  Virginia. 

Butts,  U.  8.  GcoL  Survey.) 
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Middle  Mississippian  series  is  about  as  widespread  as  any  of  the  higher 
ones  furnishes  evidence  that  the  marine  transgression  at  the  beginning 
of  this  epoch  was  relatively  rapid,  and,  although  there  were  some  fluctua- 
tions of  sea  areas  during  the  epoch,  the  conditions  were  fairly  uniform 
for  the  long  time  represented  in  the  making  of  the  limestone  deposits. 
The  region  of  submergence,  as  shown  by  the  distribution  of  Middle 
Mississippian  marine  formations,  includes  most  of  the  Mississippi 
Valley,  the  lower  Ohio  and  southern  Appalachian  areas,  and  the  very 
extensive  western  region  that  includes  the  Rocky  Mountains,  Great 
Basin  and  southwestern  states,  and  also  much  of  western  Canada. 

Although  Mississippian  rocks  are  now  absent  from  all  of  the  central 
part  of  the  Ozark  Highlands,  the  occurrence  of  residual  Middle  Missis- 
sippian fossil-bearing  cherts  in  this  region  affords  evidence  that  the  lime- 
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stones  in  which  the  cherts  were  originally  formed  extended  entirely  across 
the  Ozark  area.  The  former  Ozark  island  was  submerged.  Supporting 
testimony  is  found  in  the  extremely  small  amount  of  silt  or  clay  in  most 
of  the  limestones  of  Medial  Mississippi^  age  that  are  now  exposed  en 
the  flanks  of  the  uplift ;  also,  there  is  general  uniformity  in  the  charactesy 
of  the  fauna  of  each  limestone  formation  on  different  sides  of  the  Ozarks, 
which  suggests  that  there  were  freedom  of  migration  and  similarity  of 
environment  on  the  shallow  sea  bottom  throughout  this  region. 

It  is  noteworthy  that  the  youngest  residual  fossil-bearing  cherts  of  the  central 
Ozarks  are  of  Warsaw  age,  which  may  signify  that  the  later  Valmeyer  seas  did  not 
submerge  all  of  the  Ozark  Uplift.  Coincidently,  there  is  a  change  in  certain  con- 
stituents of  the  Middle  Mississippian  limestones,  for  study  of  insoluble  residues  (made 
by  dissolving  rock  samples  in  acid)  shows  an  absence  of  quartzose  and  heavy-mineral 
sand  grains  in  the  Warsaw  and  older  Valmeyer  limestones  but  the  appearance  of 
these  grains  commonly  in  the  St.  Louis  and  Ste.  Genevieve  beds. 

Examination  of  the  Middle  Mississippian  limestones  along  the  Mis- 
sissippi River  calls  attention  to  the  greater  thickness  of  the  formations 
and  lesser  prominence  of  lines  of  separation  between  successive  formations 
in  the  south  than  in  the  north.  The  deposits  in  the  north  are  much 
thinner  and  there  are  erosional  breaks  between  many  of  the  formations, 
or  even  within  certain  formations.  This  shows  that  the  sea  was  practi- 
cally continuously  present  in  the  southern  territory,  that  is,  south  of  St. 
Louis,  but  it  was  alternately  present  and  absent  in  the  north,  as  in  Iowa. 
These  conditions  mark  oscillations  of  the  sea  margin  toward  the  land 
which  in  this  area  lay  north  of  Iowa. 

The  Appalachian  region  and  Michigan  contain  evidence  of  sandy  and 
muddy  sea-bottom  conditions  during  Medial  Mississippian  time,  and 
also  of  extensive  flood-plain  or  alluvial  fan  deposition  by  streams  that 
flowed  westward  from  Appalachia.  Both  in  the  south  central  Appala- 
chians and  in  Michigan  there  are  red  beds,  salt,  and  gypsum  beds  which 
give  proof  of  the  drying  of  saline  basins. 

Late  Mississippian  Epoch. — The  distribution  of  marine  Chester 
formations  shows  that  there  were  important  geographic  changes  in  the 
latter  part  of  Mississippian  time.  The  sea  that  had  occupied  the  south 
central  part  of  the  Mississippi  Valley  fairly  continuously  during  earlier 
epochs  spread  far  to  the  east,  reaching  Pennsylvania  and  Virginia;  to  the 
northwest  it  extended  over  much  of  the  Cordilleran  region,  and  to  the 
southwest  across  Oklahoma  and  western  Texas.  The  fact  that  the  Late 
Mississippian  deposits  rest  disconformably  on  older  rocks  in  most  of 
these  regions  affords  record  of  at  least  temporarily  emergent  conditions 
preceding  the  advance  of  the  Chester  sea.  The  total  area  submerged 
during  some  portion  of  the  Late  Mississippian  epoch  is  somewhat  less  than 
that  of  the  preceding  epoch,  but  in  parts  of  the  Appalachian  region  the 
only  limestone,  if  not  the  only  marine  deposit,  of  the  Mississippian 
system  belongs  to  the  lower  Chester  series.  It  is  certainly  true  that  the, 
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present  known  distribution  of  Late  Mississippian  formations  is  less  than 
the  actual  original  distribution,  for  erosion  in  the  closing  part  of  Missis- 
sippian time  or  early  part  of  Pennsylvanian  time  removed  most  or  all  of 
the  Chester  beds  in  some  places  where  there  Is  evidence  that  they  were 
once  existent;  also,  erosion  in  other  parts  of  post-Mississippian  time  has 
reduced  the  area  of  Chester  deposits.  At  any  rate,  the  considerable 
spread  of  the  early  Chester  sea  is  one  of  the  chief  features  in  the  history 
of  this  epoch. 

The  region  extending  from  southern  Illinois  to  southwestern  Virginia, 
including  parts  of  Kentucky,  Tennessee,  Alabama,  and  West  Virginia, 
was  the  site  of  thick  limestone  deposition.  Much  of  this  limestone  is 
oolitic,  and  the  total  thickness  of  Chester  limestones  is  locally  at  least 
1,000  feet.  A  peculiarity  of  the  Late  Mississippian  deposits  in  much  of 
this  region  is  the  alternation  of  sandstone  and  limestone  formations  which 
has  been  noted  previously,  and  this  appears  to  mean  that  the  sea  advanced 
and  retreated  considerable  distances  several  times  during  the  epoch. 

Continental  sedimentation  consisting  of  red  shale  and  sandstone  was 
extensive  during  Late  Mississippian  time  in  the  Appalachian  region.  The 
deposits  laid  on  land  are  contemporaneous  with  marine  formations  to 
the  west,  for  they  grade  laterally  into  the  marine  beds  or  are  interfingered 
with  them.  The  very  thick  dark  shale  and  sandstone  (6,000  to  possibly 
12,600  feet)  of  Late  Mississippian  age  in  the  Ouachita  Mountains  of 
Arkansas  and  Oklahoma  are  certainly  water-laid,  apparently  marine, 
deposits,  although  remains  of  land  plants  occur  in  places.  These  sedi- 
ments were  carried  northward  from  a  large  land  mass  to  the  southeast 
that  is  called  Llanoria. 

Close  of  the  Period. — The  erosional  break  that  separates  Mississip- 
pian from  Pennsylvanian  formations  almost  everywhere  indicates  clearly 
the  very  general  elevation  of  North  America  and  the  withdrawal  of 
continental  seas  at  the  close  of  Mississippian  time.  There  was  accord- 
ingly an  interval  of  nondeposition  of  sediments  in  the  areas  exposed  for 
observation,  and  in  addition  there  was  undoubtedly  some  erosion. 

Well  records  in  Kansas  and  Oklahoma  show  that  contact  between  the 
Mississippian  and  Pennsylvanian  strata  is  distinctly  uneven  in  many 
places.  There  are  ridges  and  hills  of  hard  Mississippian  limestone  that 
rise  100  feet  or  more  above  the  general  base  of  the  Pennsylvanian  shale 
and  sand,  and  there  are  valleys  75  feet  or  more  in  depth  that  were  carved 
in  the  limestone  and  filled  by  Pennsylvanian  sediments.  Similar  topo- 
graphic irregularities  with  a  relief  of  as  much  as  300  feet  are  observed  at 
the  Mississippian-Pennsylvanian  contact  in  parts  of  Kentucky.  Residual 
chert  and  other  coarse  detritus  at  the  top  of  the  Mississippian  in  the 
Mid-Continent  region  are  important  reservoirs  of  oil  and  gavs.  Faulting 
that  i ft volves  the  Mississinnian  forrnai ions  but  does  not  affect  Pennnyl- 
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vanian  beds  is  observed  in  southern  Illinois  and  western  Kentucky. 
There  was  thus  a  broad  epeirogenic  or  warping  movement  of  the  earth 
crust  toward  the  close  of  the  Mississippian  period  that  raised  the  conti- 
nent, and  locally  there  was  faulting. 

Folding  and  faulting  of  considerable  magnitude  affected  the  deposits 
of  Mississippian  age  in  western  Europe,  and  this  occurred  before  the  time 
of  deposition  of  Early  Pennsylvanian  rocks  that  rest  unconformably  on 
the  disturbed  and  eroded  Mississippian  strata.  Two  main  belts  of 
mountain  building  are  thus  defined,  one  extending  through  southern 
Ireland  to  central  Germany,  and  another  trending  eastward  from  southern 
France  to  Bohemia.  Much  igneous  activity,  including  intrusions  and 
extrusions,  accompanied  this  deformation. 

Evidence  of  mountain  making  in  North  America  at  or  near  the  close 
of  Mississippian  time  is  observed  in  the  Mid-Continent  and  Appalachian 
regions.  Along  the  flanks  and  buried  crest  of  the  Wichita  Mountain 
axis  in  southern  Oklahoma  and  northern  Texas,  Early  Pennsylvanian 
beds  rest  on  steeply  folded  and  faulted  older  Paleozoic  rocks,  probably 
including  Mississippian.  There  is  no  evidence  that  the  deformation  of 
the  pre-Pennsylvanian  rocks  occurred  before  the  close  of  Mississippian 
time,  but,  as  indicated  in  the  next  chapter,  the  disturbance  may  belong 
in  the  early  part  of  Pennsylvanian  time.  Similarly,  the  buried  Nemaha 
Mountains  that  extend  from  southeastern  Nebraska  to  central  Oklahoma 
were  formed  at  the  close  of  the  Mississippian  or  early  in  the  Pennsylvanian 
period.  Pennsylvanian  beds  overlie  tilted  Mississippian  rocks  in  New 
Brunswick. 

Another  sort  of  evidence  bearing  on  the  existence  of  mountainous 
elevations  in  parts  of  North  America  toward  the  end  of  Mississippian 
time  is  found  in  the  very  thick  and  in  part  very  coarse  sediments  of  Late 
Mississippian  and  Early  Pennsylvanian  age  in  the  Ouachita  and  Appala- 
chian Mountains.  These  sediments  represent  the  products  of  erosion  of 
mountainous  highlands.  The  Ouachitas  contain  more  than  20,000  feet 
of  Late  Mississippian  and  Early  Pennsylvanian  sandstone  and  shale.  The 
Appalachians  contain  10,000  feet  or  less  of  Early  Pennsylvanian  beds  in 
which  sandstone  and  conglomerate  are  very  prominent,  the  latter  having 
cobbles  up  to  6  inches  in  diameter.  The  name  "  Ouachita  revolution," 
which  has  been  applied  to  crustal  deformation  in  North  America  near  the 
close  of  Mississippian  time,  is  rather  misleading  since  there  is  little  evi- 
dence of  folding  in  the  Ouachita  Mountain  area  at  this  time;  indeed, 
there  is  no  evidence  of  a  major  disturbance  of  the  Ouachita  geosyncline 
until  after  Early  Pennsylvanian  (Atoka)  time.  The  term  Culmide  dis- 
turbance, derived  from  Europe,  is  a  preferable  designation. 

ECONOMIC  PRODUCTS 

The  chief  materials  of  economic  importance  obtained  from  Mississippian  rocks 
are  petroleum,  natural  gas,  asphalt,  coal,  salt,  gypsum,  building  stone,  lime,  cement, 
zinc,  lead,  and  road  material. 
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Oil  and  gas  in  fairly  largo  quantities  have  been  obtained  from  Mississippian  sand- 
stones and  limestones  in  the  Mid-Continent,  Illinois-Indiana,  and  Appalachian  fields. 
Rock  asphalt  is  found  in  the  Mississippian  rocks  of  western  Kentucky. 

Coal  occurs  mainly  in  the  Focono  beds  of  the  Appalachian  region,  but  the  deposits 
are  mostly  too  thin  and  impure  to  compete  with  the  Pennsylvania!!  coals.  A  Missis- 
sippian coal  bed,  10  to  14  feet  thick,  is  mined  in  Virginia.  Coal  fields  of  much  impor- 
tance occur  in  southern  Russia. 

Salt  is  produced  from  Mississippian  rocks  in  Michigan  and  Virginia,  and  gypsum 
is  quarried  also  in  the  latter  state. 

The  so-called  "Bedford"  or  "Indiana"  limestone  of  Medial  Mississippian  age 
furnishes  more  than  one-half  of  the  out  stone  for  building  purposes  used  in  the  United 


Fio.  155. — Air  view  of  Picher,  Okla.,  shmvinj?  numerous  "chat"  piles  consisting  of  waste 
rock  (mostly  chert)  thrown  out  from  lead  and  zinc  mines  in  Mississippian  limestone. 

States.  This  stone  comes  from  south  central  Indiana.  Much  limestone  for  buildings 
and  monuments  is  quarried  also  in  southwestern  Missouri  near  Carthage.  Because 
of  its  purity,  some  of  the  Mississippian  limestones  have  been  much  used  for  manu- 
facture of  lime.  There  are  also  abundant  .supplies  ol  good  limestone  and  shale  for 
use  in  making  Portland  cement.  The  Berea  sandstone  of  Ohio  has  been  used  in 
making  grindstones. 

Zinc  and  lead  ores  are  mined  in  large  quantities  near  .Joplin  in  southwestern 
Missouri,  southeast  cm  Kansas,  and  northeastern  Oklahoma.  The  ores  occur  in 
Middle  Mississippian  limestone  but  \\ere  deposited  there  in  post- Mississippian  time. 
This  is  the  chief  zinc-producing  area  in  the  United  States.  Use  for  the  great  piles  of 
chert  that  are  thrown  out  from  the  mines  has  been  found  in  crushing  the  chert  and 
spreading  the  "chats"  thus  formed  on  roads. 

SUMMARY 

The  Mississippian  formations  are  equivalent  to  the  Lower  Carbon- 
iferous of  European  classification,  but,  because  they  are  separated  almost 
everywhere  from  the  succeeding  Pennsylvanian  by  a  prominent  uncon- 
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fortuity  and  because  of  general  fauna  I  and  lithologic  distinctions,  tlie 
Mississippian  rocks  may  be  defined  as  constituting  a  geologic  system. 

The  dominant  type  of  rock  in  the  Mississippian  system  of  the  Missis- 
sippi Valley  and  western  North  America  is  limestone,  but  in  the  Appala- 
chian region  the  deposits  consist  chiefly  of  sandstone  and  shale  which  are 
partly  marine  but  largely  nonmarine.  There  are  also  thick  shale  and 
sandstone  in  the  Ouachita  Mountains  of  Arkansas  and  Oklahoma.  The 
average  thickness  of  Mississippian  rocks  in  the  Mississippi  Valley  is 
somewhat  less  than  2,000  feet,  and  in  the  lower  Ohio  Valley  about 
3,000  feet.  In  the  Appalachian  area  they  locally  exceed  5,000  feet,  and 
in  the  Ouachitas  the  total  thickness  is  possibly  over  12,000  feet. 

Important  outcrop  areas  of  Mississippian  formations  occur  along  the 
Mississippi  River  between  Iowa  and  the  mouth  of  the  Ohio,  around  the 
Ozark  Highland,  in  the  lower  Ohio  Valley,  the  Appalachian  region,  eastern 
Canada,  Ouachita  and  Arbuckle  Mountains,  and  in  the  western  United 
States  and  Canada. 

Three  main  divisions  are  recognized  in  the  system:  the  Lower  Missis- 
sippian or  Kinderhook  series,  the  Middle  Mississippian  or  Valmeyer 
series,  and  the  Upper  Mississippian  or  Chester  series. 

The  Lower  Mississippian  consists  of  widely  distributed  black  shale  in 
the  lower  part,  overlaid  locally  by  variable  limestone,  shale,  and  sand- 
stone, some  beds  containing  abundant  fossils.  The  sea  was  much  less 
extensive  than  later  in  the  period. 

An  unconformity  occurs  in  most  places  at  the  base  of  the  Middle 
Mississippian  series.  The  rocks  consist  almost  wholly  of  limestone  in  the 
Mississippi  River  section  and  western  half  of  the  continent.  Some  of 
the  formations  contain  an  abundance  of  chert,  and  fossils  are  very  numer- 
ous. Sandstone  and  shale  belonging  to  the  early  part  of  this  epoch 
occur  in  the  Ohio  Valley  and  Appalachian  region. 

The  Upper  Mississippian  is  separated  from  lower  divisions  by  a  wide- 
spread unconformity.  In  the  Mississippi  Valley  region  this  series  con- 
sists of  alternating  limestone  and  sandstone  formations  that  indicate  a 
rhythmic  advance  and  retreat  of  the  sea.  The  Appalachian  region  con- 
tains some  limestone  but  the  Upper  Mississippian  is  composed  mainly  of 
continental  red  beds.  Limestone  belonging  to  this  series  occurs  in  the 
far  west. 

The  close  of  Mississippian  time  is  marked  by  mountain-making  dis- 
turbances in  western  Europe  (Culmide  disturbance).  There  was  a  general 
elevation  of  North  America  which  is  recorded  in  the  prominent  uncon- 
formity between  the  Mississippian  and  Pennsylvanian  deposits;  and  there 
were  folding  and  faulting  near  the  close  of  Mississippian  time  (or  possibly 
in  Early  Pennsylvanian  time)  in  the  Mid-Continent.  Thick,  coarse  land 
deposits  of  Late  Mississippian  and  Early  Pennsylvanian  age  in  the  Ouachita 
and  Appalachian  regions  indicate  the  existence  of  mountainous  elevations 
in  Llanoria  and  Appalachia. 


CHAPTER  XVIII 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  PENNSYLVANIAN 

TIME 

The  rock  formations  called  Pennsylvanian  are  important  because  of 
their  content  of  materials  useful  to  man — coal,  petroleum,  natural  gas, 
clay,  and  stone — and  they  are  also  interesting  because  of  special  features 
in  their  origin  and  geologic  history.  Workable  coal  beds  in  different  parts 
of  the  world  range  in  age  from  Devonian  to  Tertiary,  but  no  other  system 
approaches  the  Pennsylvanian  in  quantity  of  high-grade  coal.  Conse- 
quently, it  is  the  leading  source  of  the  world's  coal  supply.  The  coal 
beds  cover  thousands  of  square  miles  and  in  some  districts  their  aggregate 
thickness  is  several  scores  of  feet.  A  large  production  of  oil  and  gas  is 
obtained  from  Pennsylvanian  rocks,  especially  in  the  Mid-Continent 
region  of  the  United  States. 

Some  of  the  chief  features  in  the  historical  geology  of  Pennsylvanian 
time  in  North  America  are  (1)  evidence  of  widespread  erosion  of  the  land 
before  the  beginning  of  Pennsylvanian  sedimentation,  (2)  concentration 
of  maximum  thickness  of  deposits  (to  more  than  25,000  feet)  in  geosyn- 
clinal  areas,  (3)  dominance  of  continental  and  of  coarser  deposits  in  areas 
where  the  Pennsylvanian  has  maximum  thickness,  (4)  very  extensive  coal 
formation,  (5)  repeated  alternation  of  marine  and  nonmarine  strata  in  the 
continental  interior,  and  (6)  mountain-building.  Each  of  these  features 
will  be  treated  in  some  detail  at  an  appropriate  place  in  our  study. 

Definition  and  Stratigraphic  Relations 

The  Pennsylvanian  rocks  are  named  from  the  state  of  Pennsylvania 
where  there  are  extensive  exposures  and  where  the  largest  quantity  of 
coal  in  the  United  States  is  mined.  The  coal-bearing  strata  in  this  region 
were  among  the  first  to  receive  attention  in  mapping  and  study,  but  for 
many  years  they  were  simply  termed  "Coal  Measures"  or  Upper  Car- 
boniferous. The  term  Pennsylvanian  is  almost  exclusively  used  in  North 
America,  but  not  in  other  continents.  Most  foreign  and  some  American 
geologists  employ  the  name  Carboniferous  for  rocks  of  Mississippian  and 
Pennsylvanian  age.  The  United  States  Geological  Survey  includes 
Permian  also  as  a  division  of  the  Carboniferous. 

The  Pennsylvanian  formations  rest  unconformably  on  older  strata  in 
practically  all  observed  exposures.  In  many  places  the  upper  surface  of 
the  older  rocks  is  uneven,  showing  distinct  hills  and  valleys  that  were 
formed  by  erosion  before  the  Pennsylvanian  sediments  were  deposited. 
Elsewhere  the  basal  boundary  of  the  Pennsylvanian  is  fairly  even  but  the 
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fact  that  formations  of  different,  age,  ranging  from  Late  Mississijbpian  to 
pre-Cambrian,  occur  next  below  the  bottom  of  the  Pennsylvanian  shows 
the  importance  of  the  boundary.  Land  conditions  accompanied  by  some 
erosion  certainly  preceded  Pennsylvanian  sedimentation  almost  every- 
where. This  widespread  unconformity  at  the  base  of  the  Pennsylvanian, 
the  extensive  overlap  of  the  younger  on  older  formations,  and  a  difference 
in  structural  attitude  of  these  formations  in  many  places,  all  serve  to 
indicate  that  the  Pennsylvanian  represents  a  distinct  chapter  in  earth 
history.  It  is  therefore  hardly  fitting  to  regard  the  Pennsylvanian  as  a 
subordinate  series  in  a  geologic  system,  as  is  done  by  combining  Pennsyl- 
vanian with  Mississippian.  Rather,  the  Pennsylvanian  should  be 
assigned  the  rank  of  a  geologic  system  and  the  time  represented  by  it 
should  be  termed  a  period. 

The  top  of  the  Pennsylvanian  is  much  harder  to  determine  satsfac- 
torily  than  the  base,  for  in  America  the  Permian  follows  the  Pennsylvanian 
conformably,  or  with  a  break  so  slight  that  it  is  difficult  to  recognize. 
Accordingly,  distinction  is  based  on  comparison  of  fossils  with  collections 
from  type  sections  in  Europe. 

General  Character  and  Thickness 

The  Pennsylvanian  formations  contain  a  larger  proportion  of  non- 
marine  deposits  and  these  are  spread  over  a  larger  area  than  in  any  older 
Paleozoic  system.  In  places,  as  along  the  Appalachian  Mountains, 
continental  sediments  consisting  of  conglomerate,  sandstone,  shale, 
and  coal  far  outweigh  marine  strata;  in  other  places,  as  in  Kansas  and 
Nebraska,  marine  deposits  consisting  of  limestone,  shale,  and  sandstone 
are  quantitatively  more  important  than  nonmarine.  In  general,  the 
Pennsylvanian  formations  are  characterized  by  alternating  nonmarine 
and  marine  deposits  which  show  that  the  sea  repeatedly  inundated  and 
then  uncovered  large  areas.  The  very  numerous  and  extensive  oscilla- 
tions of  land  and  sea  are  an  outstanding  character  of  the  Pennsylvanian 
period  in  America  and  also  of  equivalent  time  in  Europe. 

Nonmarine  Formations. — Nonmarine  deposits  of  Pennsylvanian 
age  include  conglomerate,  sandstone,  shale,  fresh-water  limestone,  and 
coal.  The  nonmarine  origin  of  these  rocks  is  indicated  commonly  by 
the  presence  of  land-plant  remains,  by  the  absence  of  marine  fossils, 
and  in  many  cases  by  lithologic  peculiarities,  irregular  stratification,  and 
characters  of  thickness,  form,  geographic  distribution,  or  relation  to 
associated  deposits.  Traces  of  land  animals  are  generally  rare.  It 
is  difficult,  or  in  some  cases  impossible,  however,  to  distinguish  nonmarine 
and  marine  rocks  of  certain  sorts  when  fossil  evidence  is  lacking. 

Coarse  conglomerates  are  found  chiefly  in  the  Appalachian  region, 
and  parts  of  southern  Oklahoma,  Texas,  and  Colorado.  Fairly  well- 
rounded  pebbles  an  inch  or  two  in  diameter  are  common  in  some  of  th$ 
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formations,  and  in  a  few  instances 
there  are  deposits  formed  largely 
of  cobbles  and  boulders.  Fine 
conglomerates  that  grade  into 
sandstone  are  found  also.  The 
constituents  of  the  conglomeratic 
rocks  are  mostly  quartz,  and  this 
fact,  together  with  the  worn, 
rounded  surface  of  the  pebbles, 
indicates  long  transportation. 
Geographic  distribution,  lenticu- 
larity  of  some  of  the  deposits, 
and  relation  to  associated  sedi- 
mentary strata  indicate  that  the 
transporting  agents  were  streams 
which  must  have  had  a  fair 
velocity.  In  the  vicinity  of  the 
limestone  mountains  of  southern 
Oklahoma,  there  are  coarse  Penn- 
sylvanian conglomerates  com- 
posed chiefly  of  limestone  pebbles 
and  cobbles,  which  though  carried 
only  a  few  miles  are  fairly  well 
rounded. 

Sandstones  of  coarse,  medium, 
and  fine  texture  occur  in  the  form 
of  widespread  layers  and  as  lenses, 
the  latter  including  masses  of 
irregular  shape  and  size  that  pinch 
out  or  grade  laterally  into  shale. 
Very  narrow  and  elongate  sand 
lenses,  called  "  shoestrings,"  arc 
common  in  places.  They  are 
fillings  of  stream  channels  that 
were  eroded  at  times  of  temporary 
exposure  of  the  Pennsylvanian 
sediments.1  Cross-bedding  and 

1  It  appears  that  some  "shoestrings  " 
are  of  marine  origin,  being  formed  as 
near-shore  sand  bars  or  barriers.  These 
are  distinguished  by  the  convexity  of 
their  upper  surface,  whereas  stream - 
channel  fillings  are  marked  by  the  con- 
vexity of  the  lower  surface, 


Southern 
West  Virginia 

After  Rcger 


North  Central 

Texas 


(Mfssissippw  ?  Barnett) 
( _  />K*C«/*S  Coal  4*4) 

FIG.     156. — Sections    of    the    Pennsylvanian 
system  in  West  Virginia  mid  Texas. 
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current  ripples  are  characteristic  pf  some  beds,  and  in  shaly  rocks  mud 
cracks  may  appear.  The  sandstone  beds  have  a  thickness  of  more  than 
100  feet  in  a  few  cases,  though  mostly  they  are  much  thinner.  A  yel- 
lowish-brown color  prevails. 

The  shaly  deposits  of  continental  origin  are  variously  colored — gray, 
bluish,  brownish,  and  red  all  being  common.  Fine  sandy  or  silty  texture 
is  prevalent  and  lamination  is  generally  more  poorly  defined  than  in 
the  marine  shales.  Carbonized  fragments  of  land  plants  and  in  many 
cases  also  very  beautifully  preserved  leaves  and  other  parts  of  land 
vegetation  are  found  in  these  shale  beds. 

Fresh-water  limestones,  distinguished  by  peculiarities  of  texture, 
absence  of  marine  organisms,  and  occasional  presence  of  fresh-water  life, 
are  found  in  parts  of  the  Pennsylvanian  deposits,  especially  in  the 
Appalachian  region. 

The  coal  beds  are  an  important  part  of  the  Pennsylvanian  land 
deposits,  consisting  of  the  compacted  and  otherwise  altered  remains  of 
land  vegetation  that  grew  in  moist  swampy  areas.  The  conditions 
involved  in  the  formation  of  the  coal  beds  will  be  discussed  in  a  later 
part  of  this  chapter. 

Marine  Formations. — The  marine  Pennsylvanian  deposits  include 
several  kinds  of  limestone,  shale,  sandstone,  and  a  little  conglomerate. 
The  limestone  beds  are  mostly  light-colored,  nonmagnesian,  fine-grained, 
and  fairly  fossiliferous.  Some  beds  are  oolitic.  Extreme  abundance  of 
the  small  spindle-shaped  shells  of  the  foraminifera  called  fusulinids 
gives  a  distinctive  appearance  to  the  beds  containing  them. 

The  marine  shale  deposits  show  about  as  wide  color  variation  as  the 
nonmarine  beds,  from  which  they  are  distinguished  by  presence  of  marine 
fossils  and  more  uniform,  well-defined  lamination.  Similarly,  there  are 
some  evenly  stratified  marine  fossil-bearing  sandstones. 

Lateral  Persistence  of  Beds. — Many  of  the  limestone,  shale,  and  coal 
beds  may  be  traced  for  as  much  as  500  miles  along  the  outcrop  with 
almost  no  change,  and  this  applies  to  some  of  the  very  thin  as  well  as  the 
thicker  beds.  For  example,  in  the  Mid-Continent  region,  certain  beds  of 
limestone  6  inches  to  2  feet  thick  are  known  to  be  continuous  from  Iowa 
to  northern  Oklahoma,  and  the  beds  show  practically  the  same  characters 
throughout  this  distance.  The  Pittsburgh  coal  of  western  Pennsylvania 
and  adjacent  states  is  known  to  extend  throughout  an  area  of  more  than 
6,000  square  miles,  and  some  *>f  the  coal  beds  of  the  Illinois-Indiana  basin 
are  now  recognized  as  continuous  over  an  area  of  approximately  50,000 
square  miles.  In  a  number  of  cases,  coal  beds  1  to  4  inches  thick  have 
been  traced  200  to  300  miles.  A  microfossil  zone  J^  inch  thick  has  been 
identified  in  Kansas  and  Nebraska  outcrops  100  miles  apart.  These 
observations  point  to  very  great  uniformity  in  the  conditions  of 
tion  along  the  strike  of  these  beds. 
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Alternation  of  Marine  and  Nonmarine  Beds.  -An  especially  inter- 
esting character  of  the  Pennsylvanian  deposits  in  much  of  North  America 
is  the  repeated  alternation  of  marine  and  nonmarine  deposits.  For 
example,  in  about  2,500  feet  of  Pennsylvanian  strata  in  Kansas  and 
Missouri  there  are  not  less  than  50  changes  from  marine  to  nonmarine 
sediments  or  vice  versa.  Since  these  alternating  marine  and  nonmarine 
strata  are  traceable  for  hundreds  of  miles  along  the  outcrop  and  beneath 
the  surface  by  means  of  well  records,  the  advances  and  retreats  of  the 
sea  are  not  mere  local  oscillations.  The  same  sort  of  alternation  is 
observed  in  Illinois  and  in  part  of  the  Pennsylvanian  as  far  eastward  as 
Pennsylvania. 

Sedimentation  Cycles. — The  very  numerous  changes  in  the  character 
of  the  Pennsylvanian  beds  in  vertical  sequence  contrast  strongly  with 
their  lateral  uniformity  and  indicate  very  frequent  changes  in  the  nature 
of  the  physical  conditions  governing  sedimentation.  Nonmarine  shale, 
commonly  sandy,  in  places  containing  sandstone  beds  and  at  certain 
horizons  coal  beds,  is  overlaid  by  marine  limestone  and  shale.  The  latter, 
in  a  number  of  cases,  shows  a  definite  sequence  of  several  different  types 
of  limestone  separated  by  thir*  shale  beds,  each  with  distinctive  lithologic 
characters.  The  significance  of  these  sequences  that  are  repeated  several 
times  with  surprising  fidelity  is  not  known,  but  the  evidence  clearly  points 
to  a  cyclic  rhythm  of  sedimentation. 

A  similar  repetition  of  a  certain  definite  sequence  of  beds  is  also  a 
distinguishing  feature  of  the  eastern  Pennsylvanian  deposits  (J.  M. 
Weller).  Beginning  with  sandstone,  which  commonly  rests  disconform- 
ably  on  the  beds  beneath,  the  sequence  includes  sandy  or  micaceous 
shale,  underclay,  coal,  marine  shale,  and  limestone.  The  beds  from  the 
sandstone  to  the  coal,  inclusive,  are  nonmarine  and  those  above  the  coal 
are  marine.  Nonmarine  sandstone  above  the  marine  rocks  begins  a  new 
cycle,  which  includes  coal  and  marine  rocks,  and  so  on  many  times. 

Depth  of  the  Pennsylvanian  Seas. — Physical  characters  and  the 
nature  of  the  fossils  contained  in  marine  formations  of  the  continents 
furnish  basis  for  the  conclusion  that  the  depth  of  most  parts  of  ancient 
epicontinental  seas  was  less  than  600  feet.  Because  of  the  repeated 
alternation  of  sea  and  land  conditions  that  is  evidenced  in  so  much  of  the 
Pennsylvanian  deposits,  it  is  especially  desirable  to  ask  (1)  whether  the 
depth  of  the  Pennsylvanian  seas,  on  the  average,  was  of  the  order  of  500 
or  600  feet  and,  accordingly,  whether  there  were  repeated  up  and  down 
movements  of  the  earth's  crust  of  approximately  this  amount,  or,  on  the 
other  hand,  (2)  whether  the  depth  of  the  seas  was  very  small  and  the 
amount  of  crustal  movements  correspondingly  slight.  In  the  latter 
but  not  the  former  case,  it  is  possible  that  movement  of  the  crust  may 
have  been  almost  wholly  downward,  change  from  sea  to  land  being 
effected  by  sedimentation.  The  assumption  that  large  parts  of  the 
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continental  areas  were  many  linios  evenly  raised  and  lowered  several  hun- 
dreds of  feet  is  much  less  reasonable  than  lha(  the  vertical  movements 
of  the  crust  were  small  and  perhaps  mainly  movements  of  sinking  only. 
Thus,  the  observed  alternation  of  marine  and  nonmarine  formations 
in  the  Pennsylvanian  stratigraphic  column  favors  the  conclusion  that  the 
average  depth  of  the  seas  was  slight  (possibly  less  than  100  feet). 

Some  leading  geologists  have  held  that  the  gentle  dip  of  the  Pennsyl- 
vanian strata  is  original.  For  example,  the  nearly  uniform  westward 
inclination  of  these  beds  in  the  Mid-Continent  region  (about  0.5  degree 
in  Kansas,  1.5  degrees  in  south  central  Oklahoma)  approximately  repre- 


FIG.  157. — Pennsylvanian  limestones,  sandstones,  and  thin  shales  (Goodridge  forma- 
tion), about  1,325  feet  thick,  in  the  canyon  of  San  Juan  River,  southeastern  Utah.     (R.  C. 

Moore.) 

sents  the  slope  of  the  Pennsylvanian  sea  bottom  according  to  this  view. 
If  this  is  true,  however,  we  must  conclude  that  the  sea  was  4,000  or  more 
feet  deeper  in  the  west  than  in  the  east,  since  the  beds  are  traced  by 
means  of  well  borings  to  at  least  this  much  below  the  outcrop  elevations. 
The  presence  of  nonmarine  formations  at  similar  depths  below  the  out- 
crop can  only  mean,  on  the  initial-dip  hypothesis,  that  the  sea  level  was 
lowered  thousands  of  feet.  Marino  strata  above  the  nonmarine,  both 
continuous  from  the  outcrop  to  great  depth,  require  a  corresponding 
great  rise  of  sea  level.  The  number  of  alternations  in  kind  of  deposits 
and  their  deeply  interfingered  relations  render  entirely  untenable  the 
hypothesis  that  these  beds  were  laid  down  in  (heir  present  attitude. 
Taking  into  account,  also,  the  evidence  of  fossils  and  of  lithology,  we  may* 
say  confidently  that  the  Pennsylvanian  epicontinental  seas  were  probably 
nowhere  thousands  of  feet  deep  and  that  vertical  shifting  of  the  strand 
line  was  never  of  this  order.  We  may  conclude,  rather,  that  the  seas 
were  shallow,  that  vertical  movements  of  the  strand  line  were  small, 
that  the  original  attitude  of  the  beds  was  practically  horizontal,  and  that 
the  present  dip  of  the  rocks  is  due  to  a  later  regional  tilting. 
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Thickness. — The  thickness  of  the  Pennsylvanian  deposits  ranges  from 
1,000  or  2,000  feet  in  parts  of  the  interior  region  of  the  continent  to  more 
than  25,000  feet  in  the  Ouachita  geosyncline  of  Oklahoma  and  Arkansas. 
Post-Paleozoic  erosion  has  removed  a  large  part  of  the  Pennsylvanian 
deposits  in  most  of  the  Appalachian  region,  but  in  places  the  remaining 
beds  are  more  than  10,000  feet  thick.  Thicknesses  of  Pennsylvanian 
formations  totaling  several  thousand  feet  are  also  reported  from  the 
Cordilleran  geosyncline. 

Coal 

The  subject  of  coal  holds  a  prominent  place  in  economic  geology 
because  of  its  commercial  importance,  but  it  is  also  of  much  interest  in 


FIG.  158. — Block  of  coal  from  the  Pittsburgh  bed  of  western  Pennsylvania.  This 
coal  consists  of  innumerable  thin  shiny  streaks  consisting  of  slightly  altered  woody  plant 
tissue  (anthraxylon) ,  and  of  equally  thin  dull,  lighter-colored  layers  of  decomposed  plant 
matter  of  various  sorts  (attritus).  Slightly  less  than  natural  size.  (R.  Thiessen,  Illinois 
Geol.  Survey.) 

historical  geology  because  of  the  special  physical  conditions  that  are 
involved  in  making  it.  Coal  occurs  in  rocks  of  all  ages  from  the  Devonian 
to  Recent.  Discussion  of  the  conditions  of  coal  formation  is  most 
appropriate  here,  however,  because  the  Pennsylvania!!,  or  Upper  Carbon- 
iferous, is  the  chief  coal-bearing  system  in  the  ^eologic  cglumn.  Study 
of  the  formation  of  coal  involves  (1)  examination  of  the  physical  and 
chemical  characters  of  coals,  and  (2)  observation  of  geologic  features 
of  coal  bods. 

Nature  of  Coal.-  -From  I  he  standpoint  of  physical  properties,  coal 
may  be  described  as  a  moderately  hard,  black  rock,  homogeneous  or  with 
banded  shiny  and  dull  streaks,  and  breaking  easily  or  with  difficulty, 
with  even  or  uneven  fraclured  surfaces.  Some  coal  breaks  down  into 
small  pieces  (slacks)  when  exposed  to  the  air,  but  other  kinds  remain 
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the  same  almost  indefinitely.  Some  coals  ignite  easily,  others  with 
difficulty.  Some  burn  with  a  yellowish  flame  and  much  smoke,  others 
with  a  bluish  flame  and  little  or  no  smoke.  Some  have  a  low  heating 
capacity  (commonly  expressed  in  B.  t.  u.,  British  thermal  units)  and 
others  a  high  value.  These  physical  differences  in  coals  are  associated 
with  terms  indicating  grade,  such  as  lignite,  bituminous  coal,  and 
anthracite.  They  are  the  result  of  differences  in  the  conditions  of 
formation  of  the  coal-making  substances,  of  subsequent  physical  altera- 
tion, or  of  both. 

Chemical  analyses  show  that  coal  consists  mainly  of  carbon  with 
smaller,  but  important  quantities  of  hydrogen  and  oxygen  and  also, 
with  much  variation,  small  quantities  of  sulphur,  aluminum,  silicon, 
and  other  elements.  The  low-grade  coals  contain  the  largest  proportion 
of  hydrogen  and  oxygen  in  relation  to  carbon,  whereas  the  high-grade 
or  anthracite  coals  show  a  relatively  low  content  of  hydrogen  and  oxygen 
and  a  very  large  proportion  of  carbon.  The  percentage  of  noncom- 
bustible  mineral  matter  varies  greatly,  being  least  in  the  very  pure  coals 
and  increasing  in  impure  coals  to  a  quantity  exceeding  the  combined 
carbon,  oxygen,  and  hydrogen.  As  a  matter  of  fact,  there  is  no  line  of 
demarcation  between  impure  coal  and  carbonaceous  shaly  deposits  in 
which  noncombustible  material  exceeds  the  combustible. 

Geologic  Characters  of  Coal  Beds. — Coal  beds  are  commonly  found 
interbedded  with  sandy  or  shaly  strata,  but  in  some  cases  marine  lime- 
stone occurs  directly  above  or  below  a  coal  deposit.  The  fact  that  coal 
beds  are  characteristically  associated  with  continental  formations  and 
are  indeed  essentially  restricted  to  them  is  significant  as  to  the  environ- 
mental conditions  under  which  coal  is  formed.  Coal  beds  vary  in  thick- 
ness from  a  fraction  of  an  inch  to  several  tens  of  feet  locally.  Some 
beds  are  not  extensive  horizontally,  but  others  are  traced  hundreds  of 
miles  along  the  outcrop  and  are  known  to  be  continuous  over  areas  of 
many  thousands  of  square  miles.  Very  commonly  the  bed  next  beneath 
a  coal  is  a  plastic  clay,  and  in  many  cases  the  strata  just  above  a  coal 
contain  abundant  well-preserved  leaves  and  other  remains  of  land 
plants. 

Formation  of  Coal. — The  chemical  nature  and  geologic  association 
of  coal  beds  fyrnish  basis  for  the  inference  that  coal  is  composed  of  the 
remains  of  land  plants.  Indeed,  some  coals  contain  clearly  identifiable 
leaves,  flattened  twigs  or  branches,  and  other  marks  of  land  vegetation 
that  can  be  seen  with  the  unaided  eye.  The  technique  of  coal  study  by 
means  of  thin  sections,  polished  sections,  and  etching  permits  definite 
recognition  of  plant  tissues  of  various  sorts  in  practically  all  coals,  even 
in  anthracite,  which  has  undergone  most  profound  change  from  the  original 
plant  material.  There  is,  then,  no  slightest  room  for  doubt  as  to  the 
plant  origin  of  coal.  But  we  must  ask  how  the  plant  materials  are 
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iicuuntulatcd   in   flip  noorssary  quanfity   and   purity  arid   how  they  nro 
preserved  and  altered  to  make  coal. 

The  accumulation  of  any  appreciable  quantity  of  plant  matter  requires 
that  addition  of  plant  substance  exceed  loss  by  removal  or  by  chemical 
decomposition.  The  only  places  on  existing  land  where  this  sort  of  an 
accumulation  is  being  formed  is  in  swamps,  marshes,  or  shallow  lakes, 
where  the  plant  material  on  falling  is  prevented  from  rapid  and  complete 
decay  by  a  protecting  cover  of  water.  On  dry  land,  leaves  and  wood 
gradually  rot  and  disappear.  That  most  coal  beds  are  formed  by 
vegetation  growing  where  the  coal  is  found  is  indicated  by  the  presence 
of  standing  stumps  in  coal  beds,  by 
marks  of  roots  penetrating  the  clay 
beneath  coal  beds,  by  the  purity  of 
the  coal  (for,  if  transported,  much 
sediment  would  be  admixed  with 
the  vegetable  matter),  and  in  many 
cases  by  abundant  well-preserved 
plants  of  delicate  nature  in  shale 
above  the  coal  beds. 

While  decay  of  plant  matter 'is 
retarded  under  water,  it  is  not  com- 
pletely stopped,  for  the  action  of 
bacteria  partly  breaks  down  cells  and 
modifies  the  chemical  nature  of  the 
plant  substance .  If  these  biochemical 
changes  proceed  far  enough,  the 
entire  structure  of  the  wood  or  other 
plant  matter  may  be  destroyed, 
leaving  a  dark  gelatinous  substance. 
Commonly,  however,  a  considerable 
part  of  the  original  cell  structure, 
especially  of  the  more  resistant  parts  of  the  plants,  is  preserved.  The 
deposits  formed  by  this  accumulation  and  partial  chemical  change  are 
called  peat. 

The  conversion  of  peat  to  coaly  material  is  accomplished  by  slow 
chemical  and  physical  changes  in  which  compression  and  heat  are  the 
important  causal  factors.  Oxygen  and  hydrogen  are  progressively  given 
off,  leaving  a  residual  concentration  of  carbon.  Thus  peat  is  converted 
to  lignite,  and  lignite  to  bituminous  and  anthracite  coal,  or,  in  case  of 
extreme  compression  and  heating,  to  graphite,  which  consists  of  pure 
carbon.  These  relations  are  illustrated  in  the  change  of  character  of 
coal  beds  (1)  from  higher  to  lower  horizons,  the  latter  having  a  greater 
carbon  concentration  because  of  the  effect  of  weight  of  greater  thick- 
nesses of  overlying  sedimentary  rocks,  and  (2)  from  regions  of  undisturbed 


FIG.  159. — Thin  section  of  Pitts- 
burgh coal  at  right  angles  to  bedding. 
This  shows  numerous  spore  cases  (small 
white  bodies),  thin  layers  of  attritus, 
and  waxy,  resinous  bodies  (enlarged 
about  135  X).  (#.  Thicssen,  Illinois 
GroL  Survey,) 
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rock  formations  to  those  in  which  the  strata  have  been  folded  by  moun- 
tain-building. Thus,  coal  that  has  been  buried  by  5,000  feet  of  strata 
should  have  a  somewhat  higher  carbon  ratio  than  coal  buried  by  1,000 
feet  of  rocks,  and  the  coal  in  the  nearly  flat-lying  formations  of  western 
Pennsylvania  should  be  "softer"  (containing  more  volatile  hydrocarbons) 
than  that  of  tfie  folded  rocks  of  eastern  Pennsylvania.  Observation 
accords  with  these  expectations.  Extreme  compression  of  coal-bearing 
strata  in  Rhode  Island  has  produced  graphitic  coal  with  so  little  remaining 
oxveen  and  hvdrogen  that  it  can  hardlv  be  burned. 


FIG.  160. — A  modern  cypress  swamp  in  Virginia.  Except  for  differences  in  the  kind 
of  plants,  it  is  probable  that  this  represents  the  sort  of  environment  in  which  the  Pennsyl- 
vanian  coal  beds  originated.  (L.  W.  Stephenaon,  U.  S.  Gcol.  Survey.) 

The  occurrence  of  several  coal  beds  in  a  single  stratigraphic  column 
shows  repeated  existence  of  swampy,  coal-forming  conditions  in  the  area 
considered.  Where  marine  strata  overlie  a  eonl,  we  may  easily  under- 
stand that  the  swamp  vegetation  was  drowned  by  sinking  of  the  land 
or  a  rise  of  the  sea  level.  Eventually  when  sedimentation  had  largely 
displaced  the  water,  a  new  coal  swamp  could  be  established.  Similarly 
the  rapid  spreading  of  silt  and  sand  by  streams  might  so  change  condi- 
tions in  marshy,  ill-drained  areas  as  to  bring  the  formation  of  coal  to  an 
end.  The  Pennsylvanian  system  is  characterized  by  the  remarkable 
number  and  almost  incredibly  large  geographic  distribution  of  coal 
beds. 

PENNSYLVANIAN  FORMATIONS  OF  NORTH  AMERICA 
Distribution 

Exposures  of  Pennsylvanian  rocks  are  widespread  in  the  eastern  part 
of  North  America  in  (1)  the  Appalachian  region,  extending  from  New 
York  to  Alabama.  (2)  New  Knorland  and  the  maritime  orovinces  of 
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Canada,  (3)  Michigan,  and  (4)  the  Eastern  Interior  region,  including 
parts  of  Illinois,  Indiana,  and  western  Kentucky.  Outcrops  are  extensive 
also  in  (5)  the  Mid-Continent  region,  including  parts  of  Iowa,  Nebraska, 
Missouri,  Kansas,  Arkansas,  Oklahoma,  and  Texas,  and  (6)  in  many 
portions  of  western  North  America. 


FIG.  161. — Map  of  North  America  showing  outcrop  areas  of  the  Pennsylvania!!  system 
(black)  and  the  inferred  area  of  original  distribution  of  Ponnsylvanian  formations  (oblique 
shading).  (./.  M.  Wcller,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry  Holt  & 
Company.) 

The  distribution  of  Pennsylvanian  rocks  as  shown  on  a  geologic  map 
of  the  continent  shows  some  points  of  contrast  with  that  of  older  Paleo- 
zoic systems.  The  latter  appear  at  the  surface  in  belts  of  varyipg  width 
between  outcrops  of  older  and  younger  rocks.  The  Pennsylvanian,  on 
the  other  hand,  is  the  youngest  system  (excepting  Quaternary)  that  is 
present  in  some  large  districts,  and  therefore  the  rocks  of  this  age  occur 
in  broad  areas  without  cover  of  younger  strata.  The  large  rounded 
outcrop  areas  of  the  Pennsylvanian  in  the  Eastern  Interior  region  and 
Michigan  represent  very  broad  shallow  basins  or  synclines  filled  by 
Pennsylvanian  formations  and  surrounded  by  older  Paleozoic  rocks. 
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The  Appalachian  district  shows  the  same  relations  except  for  a  small 
patch  of  Permian  that  overlies  the  Pennsylvanian  in  part  of  the  north 
and  for  the  overlap  of  Mesozoic  beds  at  the  southern  end.  The  Mid- 
Continent  and  western  Pennsylvanian  outcrop  areas,  however,  are 
bordered  on  one  or  more  sides  by  younger  formations,  and  there  are 
large  areas  where  the  Pennsylvanian  system%  occurs  at  varying  depths 
below  the  surface  but  is  concealed. 

Classification 

Because  of  the  lack  of  sufficient  general  knowledge,  a  different  classification  of  the 
Pennsylvanian  rocks  has  been  employed  in  each  of  the  outcrop  areas  and  even  in  parts 
of  a  single  district. 

The  section  in  Pennsylvania  and  other  parts  of  the  Appalachian  district  was  early 
divided  into  four  parts:  in  upward  order,  Pottsville,  Allegheny,  Conemaugh,  and 
Monongahela.  These  are  based  primarily  on  lithology  and  the  distribution  of  coal 
beds,  the  first  and  third  containing  much  less  coal  than  the  second  and  fourth.  It 
may  be  noted,  however,  that  in  the  central  and  southern  Appalachians  the  Pottsville 
is  a  very  important  coal-bearing  series.  The  boundaries  between  the  so-called  series 
are  arbitrarily  selected  coal  beds. 

The  Pennsylvanian  of  the  Eastern  Interior  region  is  divided  into  formations  that 
for  the  most  part  are  bounded  by  arbitrarily  selected  coal  beds.  Correlation  with  the 
Appalachian  district  is  made  on  the  basis  of  comparison  of  lithology  and  fossils. 

Pennsylvanian  rocks  of  the  northern  Mid-Continent  have  been  divided  into  two 
series  (Des  Moines,  Missouri)  composed  of  seven  groups  of  formations,  but  in  Okla- 
homa and  Arkansas  an  entirely  different  classification  has  been  used.  In  Texas  there 
are  four  series:  in  upward  order,  Bend,  composed  largely  of  limestone;  Strawn,  thick 
shale  and  sandstone;  Canyon,  containing  prominent  limestone  beds;  and  Cisco,  made 
up  of  alternating  thin  beds  of  limestone,  shale,  sandstone,  and  conglomerate. 

Local  formation  names  are  applied  to  the  Pennsylvanian  of  the  west. 

It  is  evident  that  any  generally  applicable  subdivision  of  the  Pennsylvanian  rocks 
of  North  America  should  have  maximum  significance  in  terms  of  physical  history. 
The  essential  basis  of  this  kind  of  subdivision  is  diastrophism,  which  is  recorded 
geologically  by  deformation  of  beds,  occurrence  of  unconformities,  changes  in  lithologic 
character  of  deposits,  and  modifications  of  faunas  and  floras. 

The  Appalachian  section,  which  has  commonly  been  regarded  as  a  type  for  the 
Pennsylvanian,  is  not  divided  on  the  basis  of  diastrophism  and,  because  of  the  unim- 
portance of  fossil-bearing  marine  deposits  and  poorly  defined  evidence  of  crustal 
disturbances  during  the  period,  is  not  the  best  standard  for  the  system. 

The  Mid-Continent  region,  on  the  other  hand,  contains  a  succession  of  deposits 
that  is  admirably  fitted  to  serve  as  a  standard  for  comparison  with  Pennsylvanian 
formations  of  other  parts  of  the  continent.  The  rock  formations  are  well  exposed,  and 
in  addition  there  is  information  from  about  200,000  deep  wells.  The  geologic  struc- 
ture is  mostly  very  simple.  Highly  fossiliferous  marine  beds  alternate  with  non- 
marine  strata,  lithologic  characters  of  different  parts  of  the  stratigraphic  column 
being  differentiated  broadly  according  to  conditions  of  relative  crustal  stability  or  of 
instability  accompanied  by  local  mountain-building.  At  certain  horizons  there  are 
important  unconformities  and  changes  in  fauna  which  afford  a  natural  basis  for 
subdivision  of  the  Pennsylvanian.  Therefore,  we  shall  define  the  epochs  of  Pennsyl- 
vanian time  on  the  basis  of  conditions  observed  in  the  Mid-Continent.  Ultimately, 
it  is  probable  that  these  divisions  will  be  recognizable  in  the  Pennsylvanian  sections 
of  other  parts  of  the  continent.  There  are  four  major  natural  divisions,  or  series, 
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that  are  thus  recognized  in  the  Pennsylvanian  system,  each  representing  a  chapter 
in  the  record  of  the  physical  history  of  the  period,  The  series  are  designated,  in 
upward  order,  (1)  Morrow,  (2)  Des  Moines,  (3)  Missouri,  and  (4)  Virgil.  Their 
characters  will  be  described  in  the  paragraphs  devoted  to  the  Mid-Continent  region. 

Appalachian  Region 

Rocks  of  Pennsylvanian  age  in  the  Appalachian  region  occur  almost 
entirely  west  of  the  belt  of  mountain  folding.  They  extend  from  south- 
western New  York  through  Pennsylvania,  western  Maryland,  West 
Virginia,  eastern  Ohio  and  Kentucky,  southwestern  Virginia,  eastern 
Tennessee,  and  northwestern  Georgia,  into  Alabama.  The  strata  of 
this  region  are  in  general  nearly  flat-lying  or  only  gently  folded,  and  the 
presence  of  hard  sandstones  forms  an  upland  country,  the  Appalachian 
Plateau.  Exception  to  the  conditions  that  prevail  in  most  of  this  district 
appears  in  northeastern  Pennsylvania  and  near  Birmingham,  Ala., 
where  the  Pennsylvanian  beds  are  involved  in  strong  folding.  The 
steeply  upturned  Pennsylvanian  rocks  of  the  anthracite  district  or  basin 
in  northeastern  Pennsylvania  have  been  isolated  by  erosion  from  the  main 
Pennsylvanian  area  to  the  west,  the  outlying  remnants  being  merely 
the  lower  parts  of  steep  synclines.  Despite  the  synclinal  structure  of 
the  anthracite  district  formations,  the  rocks  are  very  prominent  topo- 
graphically because  upturned  beds  of  hard  conglomerate  and  sandstone 
form  mountain  ridges  that  enclose  the  coal  basins. 

General  Characters. — The  Pennsylvanian  deposits  of  the  Appalachian 
region  consist  predominantly  of  shales  and  sandstones.  Conglomerates 
are  prominent,  especially  in  the  lower  part  of  the  system  and  in  the 
eastern  and  southern  portions  of  the  outcrop  area.  Coal  beds  are 
numerous  and  of  great  economic  importance.  Limestones  are  common, 
except  in  the  lowest  series  (Pottsville).  The  limestones  of  the  Allegheny 
and  Conemaugh  series  are  mostly  thin,  marine  beds,  some  of  which  are 
traceable  for  long  distances.  Those  of  the  Monongahela  series  are 
nonmarine  and  in  general  much  thicker. 

Correlation  of  beds  in  different  parts  of  the  Appalachian  district  has 
been  based  on  (1)  detailed  mapping,  in  which  certain  coal  beds,  a  few 
massive  prominent  sandstones,  and  some  limestones  have  been  traced 
for  many  miles,  (2)  studies  of  marine  fossils,  chiefly  in  the  northwest 
part  of  the  area,  and  (3)  investigations  of  fossil  plants. 

Pottsville  Series. — The  oldest  part  of  the  Pennsylvanian,  comprising 
the  Pottsville  series,  is  exposed  at  the  margins  of  the  Appalachian 
Pennsylvanian  area  from  New  York  ta  Alabama.  Practically  all  of 
the  Pennsylvanian  rocks  south  of  West  Virginia  belong  to  the  Pottsville 
series.  Younger  rocks  may  once  have  been  present  in  this  southern 
region,  but  if  they  were  they  have  been  removed  by  erosion.  The 
Pottsville  rocks  rest  everywhere  on  eroded  Mississippian  formations. 
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Near  the  town  of  Pottsville,  in  eastern  Pennsylvania,  these  rocks  are 
about  1,300  feet  thick.  They  consist  of  sandstone,  shale,  thin  coal  beds, 
and  much  conglomerate,  especially  in  the  upper  part.  The  pebbles  are 
mostly  fairly  well-rounded  pieces  of  quartz  about  an  inch  in  average 
diameter,  but  some  of  them  are  as  much  as  6  inches  across.  Westward, 
the  thickness  and  coarseness  of  the  Pottsville  beds  decrease  very  markedly 
and  beds  containing  marine  fossils  appear.  There  are  13  fossiliferous 
marine  horizons  in  the  Pottsville  of  eastern  Ohio.  In  western  Pennsyl- 
vania the  series  is  only  100  to  200  feet  thick  and  consists  of  two  medium- 
grained  sandstones  separated  by  shale-containing  thin  coal  beds. 


FIG.  162. — Massive  Pottsville  conglomerate  and  sandstone,  Powell  County,  east  central 
Kentucky.     (W.  R.  Jillaon,  Kentucky  Geol.  Survey.) 

As  the  rocks  of  Pottsville  age  are  traced  southward,  the  thickness  is 
found  to  increase  gradually  to  about  6,000  feet  in  southwestern  Virginia, 
and  to  more  than  9,000  feet  in  Alabama  (estimated  original  thickness 
about  10,500  feet).  The  southern  Pottsville,  like  that  in  eastern  Pennsyl- 
vania, is  mainly  nonmarine  and  contains  a  great  deal  of  sandstone  and 
conglomerate,  the  latter  containing  pebbles  of  quartzite  and  chert  up  to 
6  inches  in  diameter.  These  coarse  materials  are  evidently  stream-borne 
and  were  probably  deposited  in  the  form  of  large  alluvial  fans  built 
outward  to  the  west  and  northwest  from  uplands  that  lay  southeast 
of  the  area  of  sedimentation.  They  may  have  been  deposited  with 
moderate  rapidity.  There  is  much  coal,  however,  in  the  central  and 
southern  Appalachian  region,  and  the  accumulation  of  plant  matter 
to  make  coal  beds  is  relatively  slow.  The  most  important  Pottsville 
coal  fields  occur  in  soul  hern  West  Virginia,  southwestern  Virginia, 
eastern  Tennessee,  and  Alabama.  The  West  Virginia  arid  Virginia 
section  contains  about  50  different  coal  beds,  among  them  the  well- 
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known  Pocahontas  coal  which  is  extensively  used  in  eastern  markets. 
The  Pottsville  rocks,  in  basins  east  and  west  of  Birmingham,  contain  40 
coal  beds,  of  which  11  are  mineable. 

An  interesting  feature  of  the  Pottsville  series  is  a  distinct  overlap 
from  east  to  west.  The  oldest  known  Pottsville  beds  (Pocahontas 
group)  are  confined  to  the  eastern  margin  of  the  Appalachian  Penn- 
sylvanian  area.  The  next  younger  Pottsville  division  (New  River 
group)  rests  on  the  Pocahontas  but  also  extends  over  a  large  territory 
farther  west  where  it  lies  on  eroded  Mississippian  rocks.  The  youngest 
Pottsville  (Kanawha  group)  extends  still  farther  westward.  The  basin 
was  thus  gradually  filled  with  sediment,  which  obviously  was  derived 
from  the  east,  as  indicated  by  increasing  coarseness  and  thickness  in  that 
direction.  The  formations  are  dominantly  of  continental  origin.  Fossil- 
iferous  marine  horizons  are  few.  There  is  reason  to  believe  that  the 
Pottsville  deposits  originally  extended  considerably  farther  east  than  the 
present  easternmost  outcrops. 

Allegheny  Series. — The  Allegheny  beds  overlie  the  Pottsville  con- 
formably, the  boundary  between  the  series  being  arbitrarily  defined  as 
occurring  at  the  base  of  a  certain  coal  bed.  They  occur  in  Pennsylvania, 
Maryland,  West  Virginia,  Kentucky,  and  Ohio.  Sandstone  and  shale, 
partly  marine  and  partly  of  continental  origin,  are  the  chief  kinds  of 
rock,  but  there  are  five  or  six  widely  distributed  mineable  coal  beds,  and 
a  few  thin  but  persistent  marine  limestones.  Beds  rich  in  iron  carbonate 
(siderite)  and  iron  oxide  (limonite)  occur  in  many  places.  The  series 
thus  consists  of  alternating  marine  and  nonmarine  sediments.  Thickness 
of  the  Allegheny  series  ranges  from  about  125  to  350  feet,  the  maximum 
being  found  in  parts  of  Pennsylvania.  Rocks  of  this  age  were  probably 
present  originally  in  the  southern  part  of  the  Appalachian  district  but 
have  been  eroded  away. 

Conexnaugh  Series. — The  Conemaugh  series,  500  to  900  feet  in  thick- 
ness, occurs  in  the  same  region  as  the  Allegheny,  but  in  many  places 
the  upper  beds  have  been  removed  by  erosion.  The  boundaries  of  the 
series  are  arbitrarily  selected  coal  beds.  The  Conemaugh  rocks  are 
similar  to  the  Allegheny  beds  except  that  coal  is  Ifess  prominent  and 
several  of  the  shales  are  red.  Several  thin  but  persistent  marine  lime- 
stones and  some  marine  shales  alternate  with  the  continental  sandstone, 
shale,  limestone,  and  coal  beds.  Shale  is  the  most  important  type  of 
deposit  from  a  quantitative  standpoint,  but  sandstone  is  also  important 
and  is  prominent  at  the  outcrop. 

Monongahela  Series. — The  uppermost  part  of  the  eastern  Pennsyl- 
vanian,  called  the  Monongahela  series,  is  confined  to  West  Virginia, 
Maryland,  Ohio,  and  Pennsylvania.  It  is  about  400  feet  thick  and  is 
composed  mainly  of  shaly  beds.  There  are  several  coal  beds,  the 
Pittsburgh  coal  at  the  base  being  one  of  the  most  important  of  the  beds 
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mined  in  the  east.     The  series,  including  much  fresh-water  limestone, 
is  almost  entirely  of  continental  origin. 

New  England  and  Eastern  Canada 

Rocks  of  Pennsylvanian  age  occur  in  Connecticut,  Rhode  Island, 
Massachusetts,  New  Hampshire,  and  Maine.  They  extend  northward 
beyond  New  England,  also,  and  have  been  mapped  in  New  Brunswick, 
Nova  Scotia,  and  western  Newfoundland.  The  Pennsylvanian  forma- 
tions of  this  entire  region  are  distinguished  by  (1)  prominence  of  con- 
glomerates, some  of  which  are  thick  and  coarse,  (2)  complexity  of 
structure,  (3)  chiefly  nonmarine  nature  of  the  deposits,  and  (4)  com- 
parative scarcity  or,  locally,  the  absence  of  fossils.  The  thickness  of 
the  system  is  reported  to  attain  a  maximum  of  about  13,000  feet  in  this 
district,  but  in  most  places  it  is  much  less,  owing  mainly  to  effects  of 
post-Pennsylvanian  erosion.  An  unconformity  is  recognized  between 
Pennsylvanian  and  Mississippian  beds. 

The  Pennsylvanian  rocks  of  New  England  and  eastern  Canada  almost 
certainly  represent  part  of  an  originally  continuous  series  of  deposits 
extending  into  the  Appalachian  region  and  thence  westward  into  the 
Continental  Interior.  The  abundance  of  conglomerates  and  the  coarse- 
ness of  much  of  the  sandstones  in  the  northeastern  district  indicate 
proximity  of  this  area  to  an  upland,  evidently  located  to  the  southeast, 
from  which  the  pebbles,  sand  grains,  and  finer  land  waste  were  derived. 
The  rocks  are  very  poorly  stratified  in  some  parts,  and  moderately  well 
stratified  in  others.  Original  characters  of  the  deposits  have  been 
obscured  or  even  obliterated  by  the  deformation  and  metamorphism  that 
have  affected  them.  The  beds  are  steeply  folded,  the  intensity  of  the 
folding  increasing  eastward.  Thrust  faults  occur  in  places.  In  some 
areas  the  sandstones  and  conglomerates  have  been  altered  to  quartzite 
schists,  shaly  deposits  to  phyllites  or  slates,  and  coal  beds  to  graphitic 
coal  or  graphite.  Intrusion  of  igneous  rocks,  especially  granite,  and 
injections  of  quartz  veins  have  greatly  influenced  the  Pennsylvanian 
rocks,  so  that  in  much  of  the  New  England-eastern  Canada  district 
these  rocks  do  not  at  all  resemble  the  deposits  of  equivalent  age  in 
other  areas. 

Michigarji  Basin 

The  central  part  of  Michigan,  which  has  a  symmetrically  saucer-like 
synclinal  structure,  contains  Pennsylvanian  rocks  about  700  feet  thick. 
These  are  almost  all  of  Pottsville  age.  Thick  sandstone  and  quartz 
pebble  conglomerate  occur  at  the  base,  while  next  above  are  shales  and 
sandstones  with  coal  beds  and  some  thin  limestones.  The  Pennsylvanian 
strata  of  the  Michigan  Basin  are  about  150  miles  from  the  nearest 
outcrops  of  similar  age  which  lie  respectively  to  the  southeast  and  south- 
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west.  It  is  possible  that  the  deposits  were  partly  isolated  during  the 
lime  of  their  formation,  but  the  occurrence  of  marine  fossils  in  some 
of  the  beds  indicates  a  connection  with  other  Pennsylvanian  areas 
which  has  subsequently  been  removed  by  erosion.  It  is  probable  that 
Pennsylvanian  deposits  once  covered  most,  if  not  all,  of  the  territory 
lying  between  the  Appalachian,  Michigan,  Eastern  Interior,  and  Mid- 
Continent  regions. 

Eastern  Interior  Region 

The  Eastern  Interior  Pennsylvanian  area  covers  most  of  Illinois  and 
western  Indiana  and  extends  a  short  distance  into  western  Kentucky 
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FIG.  103. — Section  showing  typical  relations  of  coal  bed  to  associated  strata  in  the  Eastern 

Interior  basin. 

and  eastern  Iowa.  The  rocks  are  almost  flat-lying  but  have  actually 
the  form  of  a  very  broad,  shallow  synclinal  basin.  Accordingly,  the 
oldest  formations  are  exposed  near  the  margins  of  the  Pennsylvanian 
area,  and  successively  younger  beds  appear  toward  the  interior  of  the 
basin.  Because  glacial  drift  covers  most  of  this  region,  good  exposures 
of  the  Pennsylvanian  strata  are  few.  The  total  thickness  of  the  Eastern 
Interior  Pennsylvanian  rocks  is  approximately  1,000  feet.  Equivalents 
of  the  Pottsville,  Allegheny,  and  part  of  the  Conemaugh  series  are 
recognized,  but  the  beds  are  in  general  thinner  and  finer,  the  number 
of  coal  beds  is  smaller,  and  there  is  a  somewhat  larger  proportion  of 
marine  sediments.  The  coal  is  of  very  good  quality  and  a  large  part  of 
the  coal  deposits  are  of  mineable  thickness. 

Investigations    conducted    mainly    by    the    Illinois,    Indiana,    and 
Kentucky  geological  surveys  have  shown  that  many  of  the  Pennsylvanian 
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strata  in  this  region  are  surprisingly  persistent.  This  applies  especially 
to  certain  limestone,  shale,  and  coal  beds,  including  some  stratigraphic 
units  that  are  only  a  foot  or  two  in  average  thickness.  The  names 
applied  to  the  same  beds  differ  to  some  extent,  however,  in  the  different 
states.  There  are  local  variations  in  the  thickness  of  beds,  especially 
in  the  case  of  sandstones,  some  of  which  very  clearly  have  the  form  of 
channel  fillings.  The  succession  of  various  types  of  sediment  in  a  fairly 


Fia.  164. — Sections  of  Pennsylvania!!  beds  in  western  Illinois,  showing  division  into  cycles. 
(//.  R.  Wardess,  Illinois  G?uL  tfurvey.) 

definite  order  that  is  several  times  repeated  is  an  important  character 
of  the  Eastern  Interior  Pennsylvanian  section. 

An  interesting  structural  feature  in  this  region  is  the  La  Salle  anticline,  a  sharp- 
crested,  very  asymmetrical  rock  fold  that  trends  slightly  east  of  south  from  La  Salle, 
111.,  and  extends  in  a  nearly  straight  line  for  a  long  distance.  The  pre-Pennsylvanian 
rocks  dip  steeply  toward  the  west,  but  very  gently  toward  the  east.  Pennsylvanian 
deposits  cover  the  anticline  and  the  older  rocks  unconformably.  The  fact  that  older 
Pennsylvanian  formations  which  are  well  developed  in  the  basin  to  the  west  and  on  the 
east  flank  of  the  anticline  do  not  extend  across  the  arch,  while  the  later  Pennsylvanian 
is  continuous  across  it,  shows  that  the  fold  was  formed  before  the  time  of  Pennsyl- 
vanian sedimentation.  As  these  sediments  accumulated,  there  was  less  and  less  of 
the  anticline  left  uncovered,  and  finally  it  was  entirely  buried.  The  oil  and  gas  fields 
of  Illinois  are  mainly  located  on  the  La  Salle  anticline.  At  the  time;  of  formation  of 
some  of  the  Pennsylvanian  sands  that  contain  the  oil,  the  La  Salle  anticlinal  ridge 
formed  a  long  straight  promontory  projecting  southward  into  a  shallow  sea  where 
the  sand  bodies  were  deposited  as  spits  and  bars. 
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Mid-Continent  Region 

The  Mid-Continent  region  contains  one  of  the  most  complete  and 
clearly  decipherable  records  of  the  Pennsylvanian  period  to  bfc  found 
in  North  America.  Outcrops  of  Pennsylvanian  formations  extend  from 
Iowa  to  Texas.  They  occupy  almost  all  of  northwestern  Missouri,  the 
southeastern  part  of  Nebraska,  the  eastern  one-fourth  of  Kansas,  eastern 
Oklahoma,  west  central  Arkansas,  and  a  part  of  north  central  Texas. 
The  Pennsylvanian  strata  dip  westward  at  an  average  rate  of  about€25 
to  40  feet  per  mile,  disappearing  beneath  younger  formations,  and  by 
means  of  well  records  are  known  to  underlie  most  of  the  plains  country 
east  of  the  Rockies.  The  Pennsylvanian  outcrops  of  the  Mid-Continent 
region  are  therefore  only  the  eastern  part  of  a  much  larger  area  of  Pennsyl- 
vanian sedimentary  rocks. 

The  aggregate  thickness  of  the  Pennsylvanian  in  the  northern  part 
of  the  Mid-Continent  region  is  2,000  to  3,000  feet.  Southward  there 
is  a  gradual  increase  in  thickness  to  about  25,000  feet  in  eastern  Oklahoma 
and  west  central  Arkansas.  The  total  thickness  of  the  Pennsylvanian 
in  Texas  is  a  little  over  5,000  feet. 

The  general  nature  of  the  Pennsylvanian  strata  of  eastern  Kansas 
and  adjacent  parts  of  the  northern  Mid-Continent  and  of  north  central 
Texas  is  essentially  the  same.  The  outstanding  characters  are  the 
relative  importance  of  marine  strata,  extreme  persistence  and  lateral 
uniformity  of  most  of  the  stratigraphic  units,  and  the  occurrence  of  many 
comparatively  thin  formations  of  alternating  shale,  limestone,  sandstone, 
and  a  few  coal  beds.  The  hard  beds,  chiefly  limestone,  form  prominent 
north-south  trending  escarpments  with  steep  east-facing  fronts  and  gently 
inclined  back  slopes.  Weak  rocks  occur  along  the  lower  part  of  escarp- 
ments and  form  lowlands  between  them. 

The  Pennsylvanian  territory  in  central  and  southern  Oklahoma  and 
west  central  Arkansas  differs  in  several  respects  from  that  of  country 
to  the  north  and  south.  Marine  strata  are  less  prominent,  the  thickness 
of  the  formations  is  much  greater,  sandstone  and  shale  greatly  pre- 
dominate over  limestone,  conglomerate  occurs  at  many  horizons,  and 
there  are  red  beds  of  continental  origin,  especially  toward  the  top  of  the 
section.  In  much  of  the  region  the  rocks  are  steeply  folded,  the  sand- 
stones forming  ridges  that  are  thickly  forest-covered.  Unconformities 
within  the  Pennsylvanian  are  prominent  near  the  southern  Oklahoma 
mountain  uplifts,  but,  though  traceable  for  long  distances,  they  become 
inconspicuous  away  from  the  uplifts. 

Morrow  Series. — The  oldest  Pennsylvanian  rocks  of  the  Mid- 
Continent  region  consist  of  dark-colored  marine  shale  and  limestone  con- 
taining a  distinctive  fauna  that  is  related  to  that  of  Upper  Mississippian 
rocks,  on  the  one  hand,  and  to  the  succeeding  Pennsylvanian,  on  the 
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other.  Outcrops  occur  on  the  southwest  flank  of  the  Ozarks  in  north- 
western Arkansas  and  northeastern  Oklahoma,  on  the  south  and  northeast 
sides  of  the  Arbuckle  Mountains  in  southern  Oklahoma,  north  of  the 
Ouachita  Mountains,  and  in  the  Llano  region  of  central  Texas.  The 
Morrow  strata  rest  unconformably  on  Upper  Mississippian  rocks  and 
locally  in  central  Texas  overlap  on  to  Lower  Ordovician  rocks. 

The  average  thickness  of  the  Morrow  series  is  about  1,000  feet,  but 
north  of  Ardmore,  Okla.,  the  beds  assigned  here  (Springer  and  lower 
Dornick  Hills  formations)  have  a  total  thickness  of  about  4,000  feet. 
In  central  Texas  there  is  300  to  600  feet  of  solid  limestone  (Marble  Falls) 
which  is  clearly  of  Morrow  age,  and  this  is  overlaid  by  about  400  feet 


I 

ex 


'&&&&' 


-  Si 


1,500 

1,000 

\       500 

"•        o 

C  4* 

-  500 
•|  1,000 
>  1,500 
UJ  2,000 
2,500 

3,000 

Scale  in  Miles 

FIG.  160. — Geologic  section  of  Pennsylvanian  rocks  in  north  central  Texas  showing 
the  great  discordance  in  structure  of  the  Bend  and  Strawn  series.  (F.  B.  Plummer, 
University  of  Texas.) 

of  black  shale  and  some  limestone  (Smithwick)  that  appears  also  to 
belong  to  the  Morrow  series.  Conditions  of  sedimentation  in  Morrow 
time  were  evidently  rather  uniform,  and  there  were  no  adjacent  highlands 
from  which  coarse  sediments  could  be  supplied.  The  duration  of  the 
epoch  was  moderately  long,  as  judged  by  the  considerable  thickness  of 
limestones  and  fine  black  muds  that  were  deposited  in  certain  places. 

Post-Morrow  Unconformity. — The  Morrow  series  is  separated  from 
succeeding  Pennsylvanian  strata  in  the  Mid-Continent  region  by  an 
important  unconformity.  This  unconformity  is  conspicuous  in  some 
places. 

Bend  Arch.— North  of  the  Llano  Uplift  in  Texas  the  rocks  of  Morrow  age  have  the 
form  of  a  broad  anticline  or  arch  that  plunges  gently  northward.  This  is  known  as 
the  Bend  Arch,  a  structural  feature  that  largely  controls  oil  production  from  the 
Marble  Falls  and  Smithwick  formations.  Weathering  of  the  limestone  that  preceded 
deposition  of  the  overlying  Pennsylvanian  rocks  formed  many  cavities  which  have 
served  subsequently  as  a  reservoir  for  accumulation  of  the  petroleum,  The  post- 
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Morrow  formations  show  a  distinct  overlap  from  east  to  west,  which  means  that 
sedimentation  was  resumed  first  in  the  east  and  later  covered  portions  of  the  Morrow 
rocks  farther  west.  Locally  the  Marble  Falls  and  Smithwick  are  directly  overlaid  by 
Upper  Pennsylvanian  strata.  The  unconformity  which  is  thus  evidenced  is  an 
important  one,  being  indicated  by  differences  in  structure  of  the  beds  above  and  below 
the  break,  by  the  weathering  of  the  rocks  of  Morrow  age,  by  evidence  of  fossils,  and 
by  the  sudden  change  in  the  nature  of  the  sediments  from  limestone  and  fine  shale 
to  coarse  sands. 

Wichita-Criner  Folding. — The  Wichita  Mountains  of  southwestern  Oklahoma  are 
comparatively  unimportant  as  surface  features,  but  under  cover  of  Pennsylvanian  and 
Permian  rocks  they  extend  westward  across  the  Panhandle  of  Texas  (the  western 
buried  part  being  known  as  the  Amarillo  Mountains)  and  southeastward  into  northern 
Texas  (part  of  the  buried  eastern  end  of  the  mountain  chain  being  known  as  the  Red 
River  Uplift).  The  Criner  Hills,  southwest  of  Archnore,  Okla.,  consist  of  faulted  and 
folded  Ordovician  and  younger  Paleozoic  rocks  comprising  part  of  the  Wichita  system. 
Observations  show  the  presence  of  (1)  Morrow  strata  conformable  in  structure  with 
older  rocks,  (2)  post-Morrow  Pennsylvania!!  beds  resting  unconformably  on  deformed 
and  eroded  'older  Paleozoic  rocks,  and  (3)  coarse  conglomerates  (Bostwick)  in  beds 
just  above  the  strata  classed  as  Morrow.  These  prove  that  mountain-making  crustal 
movements  occurred  in  this  part  of  Oklahoma  during  the  early  part  of  the  Pennsyl- 
vanian period. 

Ouachita  Folding. — Occurrence  of  folding  in  the  Ouachita  Mountains  region  in 
post-Morrow  time  is  indicated  by  the  presence  of  chert  conglomerates  derived  from 
the  Ouachita  area  or  its  southward  continuation  in  Texas  in  rocks  (Atoka-Strawn) 
next  younger  than  the  Morrow.  To  be  mentioned  also  is  the  existence  in  the  western 
Ouachitas  of  many  large  boulders  of  Ordovician  limestones  and  other  rocks  embedded 
in  basal  Pennsylvanian  shale.  Some  of  the  boulders  are  of  huge  size,  up  to  369  feet 
in  length  by  250  feet  in  width.  Their  origin  is  not  known.  It  is  thought  by  some 
that  icebergs  derived  from  mountain  glaciers  transported  them,  and  by  others  that 
thrust-faulting  followed  by  erosion  produced  them.  It  is  significant  that  they  occur 
at  about  the  same  geologic  horizon  in  the  Ouachita  Mountains  region  and  in  the 
Marathon  district  of  western  Texas.  They  appear  to  indicate  existence  of  mountains, 
and  possibly  of  crustal  deformation,  in  this  early  part  of  Pennsylvanian  time. 

Nemaha  Uplift. — Drilling  in  Nebraska,  Kansas,  and  northern  Oklahoma  has 
brought  to  light  the  existence  of  an  important  uplift  composed  of  pre-Cambrian 
granite  and  pre-Pennsylvanian  Paleozoic  formations.  This  uplift,  known  as  the 
Nemaha  Mountains,  trends  slightly  west  of  south  from  a  point  near  Omaha,  Nebr., 
extending  entirely  across  Kansas  and  reaching  southward  in  Oklahoma  at  least  to 
Oklahoma  City.  The  uplift  is  entirely  buried  by  Pennsylvanian  and  Permian  strata. 
The  fact  that  Mississippian  rocks  are  upturned  on  the  flanks  of  this  upJift  shows  that 
the  crustal  movement  occurred  at  a  time  subsequent  to  the  making  of  these  Mississip- 
pian rocks.  No  strata  of  Morrow  age  are  known  in  this  region,  but  the  occurrence  of 
slightly  younger  Pennsylvanian  beds  (Cherokee)  resting  unconformably  on  the  eroded 
rocks  of  the  Nemaha  Uplift  determines  the  date  of  movement  as  preceding  the  for- 
mation of  these  Early  Pennsylvanian  sediments.  It  is  thought  probable  that  the 
elevation  of  the  Nemaha  Mountains  may  be  part  of  the  post-Morrow  disturbance. 

Des  Moines  Series. — The  Pennsylvanian  beds  called  Des  Moines 
consist  almost  entirely  of  sandstone  and  shale  in  the  central  Mid-Con- 
tinent region,  but  in  the  north  and  to  some  extent  in  the  south  there 
are  persistent  limestones  in  the  upper  part.  Conglomerates  occur  in 
places  at  the  base.  The  deposits  attain  maximum  thickness,  about 
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18,000  feet,  in  eastern  Oklahoma  and  western  Arkansas.  In  this  district, 
sandstone  is  much  more  prominent  than  any  other  kind  of  sediment,  but 
toward  the  top  there  is  an  increasing  proportion  of  shale,  and  there  are 
some  coal  beds.  The  Des  Moines  series  thins  rather  rapidly  northward 
but  is  well  developed  in  northwestern  Arkansas  and  throughout  the 
northern  Mid-Continent  region.  The  average  thickness  of  the  Des 
Moines  rocks  in  the  north  is  about  700  feet.  South  of  the  Arbuckle 
Mountains  in  Oklahoma,  beds  belonging  to  this  series  have  a  thickness  of 
about  8,000  feet  and  in  north  central  Texas  2,000  to  3,500  feet  (Strawn). 
Division  of  the  Des  Moines  series  into  two  groups  is  based  on  inter- 
ruption of  sedimentation  and  folding  of  early  Des  Moines  beds  in  the 


FIG.  167. — Diagrammatic  section  showing  the  unconformity  at  the  base  of  the  Pennsyl- 
vanian  rocks  in  the  vicinity  of  the  buried  Nemaha  Uplift  at  El  Dorado,  Kans.  (R.  C. 
Moore,  Kansas  Geol.  Survey.} 

Arbuckle  and  Ouachita  mountain  regions,  followed  by  the  spreading  of 
conglomerates  at  the  base  of  later  Des  Moines  beds  and  by  the  local 
overlap  of  these  on  rocks  as  old  as  Ordovician.  Temporary  land  condi- 
tions in  the  northern  Mid-Continent  resulted  in  the  formation  of  valleys, 
which  were  subsequently  filled  with  sand,  thus  forming  part  of  the 
1 i  shoestrings  "  of  this  region. 

Post-Des  Moines  Unconformity. — Occurrence  of  a  break  above  the 
Des  Moines  series  is  indicated  by  local  evidences  of  erosion  at  this 
horizon,  by  a  general  change  from  shaly  and  calcareous  deposits  to  coarse 
clastic  sediments  at  the  beginning  of  the  next  following  series,  and  by 
modification  of  the  marine  faunas  which  make  this  one  of  the  most  clearly 
defined  paleontologic  boundaries  in  the  Petmsylvanian. 

Missouri  Series. — The  beds  called  Missouri  series  are  especially 
distinguished  by  the  prominence  and  wide  distribution  of  limestone. 
This  is  especially  true  of  the  northern  and  southern  parts  of  the  Mid- 
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Continent,  where  in  places  there  are  100  to  200  feet  of  almost  solid  lime- 
stone. Shale  is  also  quantitatively  important,  especially  in  the  Oklahoma 
region.  Locally  at  the  base  are  conglomeratic  and  sandy  beds.  The 
thickness  of  the  series  attains  a  maximum  of  possibly  4,000  feet  south 
of  the  Arbuckle  Mountains  in  Oklahoma,  whereas  in  the  northern 
Mid-Continent  it  is  only  300  to  500  feet. 

Post-Missouri  Unconformity. — South  of  the  Arbuckle  Mountains, 
beds  of  Missouri  age  and  older  are  steeply  folded  and  in  places  faulted. 
This  marks  the  time  of  main  folding  in  at  least  the  western  part  of  the 
Arbuckle  Range  and  possibly  also  in  western  Texas.  The  fact  that 


FIG.  IDS. — steeply  touioa  uambro-urclovieian  iinirM.u.c  n,  ,j-  \\\  the  Arbucklc  Moun- 
tains, southern  Oklahoma.  The  folding  that  produced  this  structure  occurred  in  Lnte 
Pennsylvania!!  time,  and  the  accompanying  interruption  of  sedimentation  in  the  Mid- 
Continent  region  defines  the  boundary  between  the  Missouri  and  Virgil  series.  (R.  C. 
Moore.) 

vertical  or  steeply  dipping  Missouri  beds  arc  overlaid  unconfornmbly 
by  essentially  flat-lying  later  Pennsylvanian  strata  serves  to  date  the 
time  of  the  folding  fairly  precisely.  In  and  near  the  areas  of  mountain 
uplift  there  are  coarse  conglomerates  that  were  formed  by  erosion  of  the 
pre-Pennsylvanian  rocks.  Evidences  of  the  uplift  are  found  also  far  to 
the  north  and  south  in  the  occurrence  of  unconformities  and  in  the 
conglomeratic  or  sandy  character  of  the  basal  portion  of  the  next  succeed- 
ing series.  However,  the  attitude  of  the  beds  above  and  below  the 
unconformity  in  these  regions  at  a  distance  from  the  mountain-building 
is  parallel. 

Virgil  Series. — The  uppermost  beds  of  the  Pennsylvanian  in  the  Mid- 
Continent  region  are  classed  together  as  the  Virgil  series.  Shale  and 
sandstone  predominate  quantitatively,  but  limestone  is  also  prominent. 
The  limestones  range  in  thickness  from  less  than  an  inch  to  about  30 
feet,  and  many  of  the  beds  are  surprisingly  uniform  and  persistent. 
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In  the  vicinity  of  the  southern  Oklahoma  mountains,  as  already  men- 
tioned, there  are  coarse  conglomerates  at  the  base;  also  there  is  a  con- 
siderable hiatus  corresponding  to  beds  that  occur  to  the  north  and  south. 
The  conglomerates  contain  abundant  limestone  pebbles  and  cobbles 
derived  from  the  areas  of  mountain  uplift  and  locally  they  overlap  on 
to  eroded  Ordovician  and  other  pre-Pennsylvanian  rocks.  Northern 
Oklahoma  and  southern  Kansas  show  very  prominent  sandstones  in  the 
lower  beds  of  Virgil  age,  but  these  become  thinner  and  locally  disappear 
farther  north.  Similarly  in  northern  Texas  there  are  prominent  sand- 
stones and  conglomerate  beds  which  become  much  thinner  southward. 
Nonmarine  red  beds  are  prominent  in  southern  Oklahoma.  The  total 
thickness  of  Virgil  strata  ranges  from  about  1,300  feet  in  northern 
Oklahoma  to  about  700  feet  in  Nebraska. 

The  upper  boundary  of  the  Virgil  series  and  of  the  Pennsylvanian 
system  in  the  Mid-Continent  region  is  rather  arbitrarily  drawn  at  a 
certain  horizon  at  which  fossils  and  sedimentary  features  regarded  as 
characteristic  of  the  Permian  first  make  their  appearance.1  This  part 
of  the  section  appears  to  be  entirely  conformable. 

West  Texas. — The  trans-Pecos  portion  of  western  Texas  may  be 
classed  geographically  with  the  Rocky  Mountain  and  western  states, 
but  geologically  this  territory  is  so  closely  linked  to  the  Mid-Continent 
region  that  it  is  better  considered  as  a  southwestern  extension  of  the 
Mid-Continent.  Pennsylvanian  rocks  occur  in  the  Marathon  district 
of  the  Glass  Mountains  and  in  the  Hueco  Mountains.  Recent  studies 
show  the  presence  of  a  very  thick  Lower  Pennsylvanian  section  of  dark 
shaly  and  sandy  sediments  followed  by  thick  limestone  and  shale  (Gap- 
tank)  that  is  of  Medial  and  Late  Pennsylvanian  age.  An  important 
observation  is  the  greatly  deformed  attitude  of  the  Pennsylvanian  rocks 
as  compared  with  the  overlying  Permian  strata.  The  Pennsylvanian 
and  older  rocks  are  steeply  folded  and  are  affected  by  great  thrust  faults. 
Locally  the  order  of  stratigraphic  succession  is  inverted,  the  beds  having 
been  tipped  far  beyond  the  vertical.  Nearly  flat-lying  Ordovician 
rocks  are  reported  above  Devonian  which  in  turn  rests  on  overturned 
Pennsylvanian  strata.  The  deformation  was  evidently  profound.  A 
time  of  mountain-building,  indicated  by  coarse  conglomerates  in  the 
Gaptank  formation,  is  assigned  to  the  mid-portion  of  the  Gaptank  epoch. 
The  great  folding  and  faulting  of  the  Pennsylvanian  and  older  rocks 
(Marathon  disturbance)  occurred  at  the  close  of  Gaptank  time,  and  a 
very  prominent  unconformity  separates  the  upper  Gaptank  beds  from 
the  overlying  latest  Pennsylvanian  deposits  of  the  region. 

1  This  boundary  has  been  located  commonly  at  the  base  of  the  Cottonwood  lime- 
stone, about  170  feet  above  the  Americus,  but  recent  studies  call  for  revision  of  the 
older  definition  (see  Fig.  175,  p.  319). 
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The  Pennsylvanian  formations  of  the  Glass  Mountains  are  geo- 
synclinal  deposits  that  are  probably  continuous  eastward  under  cover  of 
Cretaceous  rocks  with  the  southward  prolongation  of  the  Ouachita 
geosyncline  of  Arkansas  and  Oklahoma.  Evidence  from  deep  wells 
indicates  that  the  geosyncline  swings  around  the  southeast  side  of  the 
Llano  Uplift  and  extends  northward  to  the  Ouachitas  and  westward  to 
the  Glass  Mountains. 


FIG.  169. — Map  of  the  southwestern  Mid-Continent  region  showing  relation  of  axes 
of  folding  in  the  Ouachita  geosyncline  to  the  Marathon  folds  in  west  Texas.  The  strike 
of  the  Arbuckle,  Wichita,  and  Amarillo  Mountains  is  also  shown.  (P.  B.  King,  Texas 
Bur.  Economic  Geol.) 

Western  North  America 

Outcrops  of  Pennsylvanian  rocks,  mostly  of  small  areal  extent,  are 
widely  distributed  in  western  North  America.  They  occur  chiefly  on 
the  sides  of  mountain  uplifts.  Alternating  beds  of  hard  bluish  limestone 
and  light-colored,  in  many  cases  feldspathic,  sandstone  are  characteristic 
of  the  lower  part  of  the  Pennsylvanian  deposits.  In  general,  there  is  a 
surprisingly  small  amount  of  shale.  The  deposits  are  mainly  marine, 
so  it  is  evident  that  the  western  part  of  the  continent  was  covered  by 
extensive  Pennsylvanian  seas.  Fossils  are  abundant  in  some  beds. 
Sandstone  and  in  places  thick  deposits  of  red  beds  are  characteristic  of 
the  upper  part  of  the  western  Pennsylvanian.  There  is  a  well-marked 
unconformity  at  the  base  of  the  Pennsylvanian,  but,  as  in  the  Mid- 
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Continent,  question  exists  in  many  places  as  to  the  line  of  division 
between  Pennsylvanian  and  Permian  strata. 

New  Mexico. — Pennsylvanian  rocks  are  very  widespread  in  New 
Mexico.  They  are  divisible  into  a  lower  group,  about  1,500  feet  thick, 
consisting  of  hard  bluish  limestones  and  dark  shales,  and  an  upper  group, 
about  2,000  feet  thick,  made  up  largely  of  red  beds.  There  are  some 
limestones  and  gypsum  deposits  in  the  upper  division. 

Colorado. — East  of  the  Rocky  Mountain  Front  Range,  as  well  shown 
near  Colorado  Springs,  the  Pennsylvanian  deposits  consist  almost  wholly 
of  red  and  gray  sandstone  and  conglomerate.  Central  Colorado  contains 
somewhat  similar  Pennsylvanian  beds  that  are  several  thousands  of 
feet  in  thickness.  Marine  shales,  limestones,  and  sandstones  that  are 
gray  or  dark  occur  in  the  lower  part  of  the  section,  and  red  beds  in  the 
upper  part. 

The  Pennsylvanian  lies  disconformably  on  massive  Mississippian 
limestone  in  mo^t  places,  but  near  the  mountain  uplifts  the  Pennsylvanian 
may  be  found  overlapping  the  older  Paleozoic  formations  and  resting 
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FIG.  170. — Geologic  section  of  a  part  of  the  Rocky  Mountain  Uplift  near  Laramie, 
southeastern  Wyoming,  showing  Pennsylvanian  beds  resting  unconformably  on  pre- 
Cambrian  granite.  The  deformation  of  the  rocks  involves  the  Cretaceous  as  well  as  older 
strata  and  its  date  is  thus  established  as  post-Cretaceous.  (£7.  S.  Geol.  Survey.) 

directly  on  pre-Cambrian  granite.  This  means  that  parts,  of  the  Colorado 
region  were  land  preceding  Pennsylvanian  time  and  also  during  a  portion 
if  not  all  of  the  period.  It  is  probable,  in  the  light  of  present  information, 
that  most  of  the  pre-Pennsylvanian  systems  were  not  deposited  as 
continuous  sheets  across  the  site  of  the  Rocky  Mountain  belt,  but  rather 
that  they  were  confined  to  basins  on  the  east  and  west  sides  of  the  uplift. 
The  overlap  of  the  Pennsylvanian  rocks  indicates  a  landward  encroach- 
ment of  sedimentation  in  this  region,  or,  if  older  Paleozoic  rocks  were 
once  present  in  territory  where  the  Pennsylvanian  rests  directly  on 
granite,  the  older  Paleozoic  formations  were  removed  by  erosion  before 
the  beginning  of  Pennsylvanian  deposition  in  the  areas  considered. 
The  coarse  texture  of  many  of  the  Pennsylvanian  sandstones,  the  common 
presence  of  fresh  feldspar  grains  in  the  sandstones,  and  the  occurrence 
of  conglomerates  containing  granite  and  quartz  pebbles  indicate  that 
land  areas  of  granitic  rocks  were  rather  strongly  uplifted  shortly  before 
the  time  of  making  these  deposits.  Locally,  as  on  the  flanks  of  the  Sangre 
de  Cristo  Range,  granite  boulders  up  to  6  feet  in  diameter  have  been 
reported  in  Pennsylvanian  conglomerates.  The  evidences  of  uplift 
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that  are  shown  in  these  features  are  basis  for  the  inference  that  an  upland 
or  possibly  one  or  more  mountainous  belts  existed  in  Late  Pennsylvanian 
time  on  the  site  of  the  present  Rocky  Mountains.  The  term  "  Ancestral 
Rocky  Mountains"  has  been  applied  to  these  Pennsylvanian  high- 
lands. The  axis  of  the  Ancestral  Rockies,  thus  interpreted,  trends 
north  and  south  across  central  Colorado  and  extends  into  New  Mexico 
and  Wyoming.  The  elevated  land  did  not  extend  eastward  much  beyond 
the  present  Front  Range,  because  deep  wells  in  eastern  Colorado  and 
western  Kansas  have  penetrated  thick  Pennsylvanian  limestones  and 
marine  shales  that  were  certainly  not  formed  on  the  shores  of  a  moun- 
tainous land. 

Southwestern  Colorado  contains  a  Pennsylvanian  section  composed 
mainly  of  marine  'limestones  and  sandstones  about  2,000  feet  thick. 
Red  clay  shale  containing  weathered  Mississippian  cherts  occurs  at  the 
base  of  the  Pennsylvanian  system  in  this  region.  It  represents  the 
residual  material  derived  from  the  decomposition  of  Misgissippian  lime- 


Fio.  171. — Geologic  section  of  Pennsylvanian  formations  (Hermosa  Cr,  Molas,  Cm) 
i/brth  of  Durango  in  southwestern  Colorado.  The  Pennsylvanian  beds  are  about  2,000 
feet  thick  but  the  underlying  Mississippian,  Devonian,  and  Cambrian  total  only  a  few 
hundred  feet.  (Juniua  Henderson.) 

stones  which  disconformably  underlie  the  Pennsylvanian.  Salt  and 
gypsum  occur  in  the  Pennsylvanian  deposits  of  western  Colorado  and 
east  central  Utah. 

Northern  Rocky  Mountains. — From  Colorado  the  Pennsylvanian 
formations  are  known  to  extend  far  northward,  but  they  are  much  thinner 
than  in  the  central  Colorado  region.  The  lower  part  of  the  deposits 
consists  of  alternating  limestone,  shale,  and  sandstone,  whereas  the  upper 
part  is  composed  mainly  of 'light  gray  sandstone.  The  Black  Hills  of 
western  South  Dakota  contain  a  similar  succession  of  beds  400  to  750 
feet  thick  which  are  classed  as  a  single  formation.  Outcrops  at  various 
places  in  Montana  show  about  1,000  feet' of  Pennsylvanian  rocks,  the 
lower  part  shaly  and  the  upper  part  a  quartzitic  sandstone. 

Great  Basin  and  Pacific  Border.— The  eastern  part  of  the  Great 
Basin  region,  in  Utah  and  Nevada,  contains  very  thick  Pennsylvanian 
deposits,  consisting  mainly  of  marine  sandstone,  limestone,  and  shale. 
The  total  thickness  is  reported  in  some  places  (Oquirrh  Range,  Utah) 
to  exceed  15,000  feet,  but  the  rocks  have  been  little  studied.  Southward 
and  northward  from  the  latitude  of  Salt  Lake  City  the  thickness  of  the 
system  diminishes  greatly. 
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Along  the  Pacific  Border  from  California  to  Alaska  are  scattered  out- 
crops of  highly  folded  and  partially  metamorphosed  Pennsylvanian 
limestones  and  calcareous  shales  in  which  much  igneous  material  is 
interbedded.  Evidently  there  was  considerable  volcanic  activity  in 
this  region  during  Pennsylvanian  time.  The  structure  of  the  Paleozoic 
rocks  in  the  Pacific  Border  region  is  so  complex  and  the  degree  of  altera- 
tion is  so  great  that  information  concerning  their  original  characters  is 
difficult  to  secure. 

FORMATIONS  OF  PENNSYLVANIAN  AGE  IN  OTHER  CONTINENTS 

Europe. — In  Europe,  rocks  called  Upper  Carboniferous,  which  are  equivalent  to 
the  Pennsylvanian  system  in  America,  are  very  widely  distributed  and  they  resemble 
closely  in  both  lithologic  character  and  fossil  content  the  formations  of  similar  age  in 
the  New  World.  The  most  important  outcrop  areas  are  found  in  Great  Britain, 
northern  France,  Belgium,  Germany,  Spain,  the  eastern  Alps,  and  Russia.  Com- 
monly there  is  an  important  unconformity  at  the  base,  for  in  many  places  the  Upper 
Carboniferous  rests  on  folded  and  eroded  Lower  Carboniferous  strata,  on  older  Paleo- 
zoic, or  on  pre-Cambrian  rocks.  As  in  America,  the  Permian  follows  the  Upper 
Carboniferous  in  most  places  regularly,  the  position  of  the  beds  being  parallel.  The 
thickness  of  Upper  Carboniferous  strata  is  commonly  more  than  5,000  feet  and  ranges 
in  places  to  more  than  10,000  feet. 

Continental  deposits  and  coal  beds  are  most  common  and  widespread  in  western 
Europe.  Sandstone  and  conglomerate  are  prominent  in  the  lower  part  of  the  system, 
shale  and  coal  especially  in  the  upper  part.  Conglomeratic  sandstone  called  Millstone 
grit  attains  a  thickness  of  2,500  feet  in  north  central  England.  The  coal  beds  are 
numerous,  many  are  of  mineable  thickness,  and  some  are  known  to  have  great  hori- 
zontal persistence.  Part  of  the  coal  basin  in  southern  Belgium  contains  up  to  150 
different  coal  beds  in  a  single  section  about  7,000  feet  thick.  This  shows  a  truly 
remarkable  recurrence  of  coal-forming  conditions. 

The  Upper  Carboniferous  of  eastern  Europe  differs  from  that  in  the  west  in  the 
much  larger  proportion  of  marine  formations,  which  show  many  points  of  similarity 
to  the  rocks  of  this  age  in  the  central  and  western  part  of  the  United  States.  Lime- 
stones with  abundant  spindle-shaped  fusulinids  are  common  and  widespread.  There 
are  coal  beds,  however,  in  parts  of  the  Russian  area. 

Because  of  severe  compression  that  affected  the  Upper  Carboniferous  rocks,  especi- 
ally toward  the  middle  of  this  period,  the  beds  are  commonly  much  folded  and  faulted. 
In  places  the  strata  are  overturned.  The  strike  of  the  strongly  folded  strata  is  in 
general  from  east  to  west  across  western  and  central  Europe,  and  this  defines  the  trend 
of  prominent  mountain  chains  of  Upper  Carboniferous  time  that  have  been  named  the 
Hercynian  Mountains  or  Paleozoic  Alps.  Igneous  intrusions  that  accompanied  the- 
folding  are  prominent  in  several  districts. 

Other  Continents. — Marine  Upper  Carboniferous  strata  are  very  widespread  in 
Asia,  being  essentially  a  continuation  of  the  formations  of  eastern  Europe.  Important 
outcrops  occur  in  northern  China,  Manchuria,  Korea,  the  region  of  the  Himalayas, 
northern  India,  and  parts  of  Malaysia.  Coal  beds  of  great  potential  value  occur  in 
China.  A  thick  section  of  Upper  Carboniferous  beds  occurs  in  Australia  (Queens- 
land, New  South  Wales,  and  Victoria)  and  rocks  of  this  age  are  known  from  southern 
Africa  and  also  the  Sahara  region.  In  South  America  the  Upper  Carboniferous  is 
well  developed  in  Peru,  Chile,  and  Brazil,  containing  both  marine  and  nonmarine 
strata  with  coal  beds.  The  presence  of  Upper  Carboniferous  formations  and  coal  in 
Antarctica  is  indicated  by  fossils  and  by  outcrops  of  coal-bearing  shale  and  sandstone. 
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At  the  beginning  of  the  Pennsylvanian  period,  North  America  was 
broadly  emergent  but  not  greatly  elevated  above  sea  level.  Crustal 
movements,  loyally  involving  mountain-building,  had  occurred  at  the 
close  of  Mississippian  time,  the  seas  had  been  withdrawn,  and  erosion 
was  prevalent.  These  conclusions  are  based  on  observation  of  the 
unconformable  relations  of  the  Pennsylvanian  to  older  rocks  and  by  the 
topography  and  structure  of  local  mountain  uplifts  that  are  buried  by 
Pennsylvanian  strata.  Despite  the  evidences  of  widespread  erosion,  we 
may  conclude  that  most  of  the  continent  stood  very  little  above  sea  level 
and  that,  excepting  certain  border  areas,  the  land  was  generally  a  feature- 
less plain.  This  picture  of  conditions  is  supported  by  studies  of  the 
character  and  distribution  of  the  Early  Pennsylvanian  deposits. 

Morrow  Epoch. — During  the  earliest  part  of  Pennsylvanian  time  the 
sea  is  known  to  have  occupied  the  central  and  southern  parts  of  the  Mid- 
Continent  region,  but  it  did  not  extend  far  to  the  north  or  east.  Promi- 
nence of  limestone  shows  that  the  sea  was  mostly  clear  and  adjacent  lands 
too  low  (and  probably  vegetation-covered)  to  supply  very  much  sand, 
silt,  or  even  clay.  In  Oklahoma,  however,  and  in  the  upper  part  of  the 
Texas  section  there  is  much  dark  shale  that  marks  a  gradual  change  in 
conditions. 

The  Appalachian  region  was  the  site  of  continental  sedimentation 
consisting  chiefly  of  stream-borne  materials  that  were  carried  westward 
from  the  borderland  Appalachia.  Broad  alluvial  fans  were  built. 
Extensive  coal  swamps  made  appearance,  especially  in  the  middle  and 
southern  Appalachian  area.  A  few  thin  marine  deposits,  which  are 
more  prominent  northwestward,  indicate  temporary  eastward  advances 
of  the  Mid-Continent  sea  on  the  Appalachian  land  area. 

The  Morrow  epoch  was  brought  to  a  close  by  a  recession  of  the  sea 
that  uncovered  much  of  the  previous  area  of  marine  sedimentation. 
In  southern  Oklahoma  and  possibly  in  Kansas  there  were  crustal  move- 
ments involving  folding  and  faulting  of  older  rocks. 

Des  Moines  Epoch. — The  beginning  of  Des  Moines  time  is  marked 
by  resumption  of  sedimentation,  in  part  marine  and  in  part  nonmarine. 
The  most  important  change  in  the  conditions  from  the  preceding  epoch, 
especially  in  the  Mid-Continent  region,  is  the  presence  of  uplands  that 
are  responsible  for  prominence  of  coarse  sandy  sediments  and  locally 
of  conglomerates.  Sedimentation  was  more  rapid  in  the  Ouachita  and 
Appalachian  geosynclinal  areas  than  in  other  places  and  eventually  the 
accumulated  thicknesses  of  sandstone  and  shale  amounted  to  several 
thousands  of  feet.  Coal  swamps  became  extensive.  They  were  buried 
under  silt  and  sand  and  new  swamps  were  formed,  in  some  places,  many 
times.  The  recurrence  of  a  certain  sequence  of  beds,  as  very  clearly 
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seen  in  Illinois  and  other  states,  points  to  a  peculiar  and  apparently  a 
regular  oscillation  of  sea  and  land  conditions  that  is  a  striking  feature  of 
Pennsylvanian  history  in  this  part  of  North  America. 

In  the  latter  part  of  the  Des  Moines  epoch  the  sea  was  alternately 
very  extensive,  as  marked  by  presence  of  marine  shale  and  limestone 
throughout  most  of  the  Mid-Continent  and  as  far  east  as  Pennsylvania, 
and  then  restricted,  as  shown  by  continental  sediments  laid  conformably 
on  the  marine  beds  over  large  areas.  The  sea  covered  most  of  western 
North  America,  as  shown  by  the  very  extensive  occurrence  of  marine 
deposits  of  Des  Moines  age  in  the  western  states. 

The  Des  Moines  epoch  was  brought  to  a  close  by  a  general  but  tempo- 
rary emergence  of  the  land,  which  was  accompanied  by  some  erosion,  but 


FIG.  172. — Hogback  ridge  of  Pennsylvanian  rocks  and  adjacent  valley  carved  in  over 
lying  weak  red  beds,  on  eastern  slope  of  the  Laramie  Mountains,  southeastern  Wyoming 
(N.  H.  Darton,  U.  S.  Geol.  Survey.) 

as  far  as  known  without  mountain-building.  There  was  sufficient  lapse 
of  time  or  change  of  environment  to  cause  distinct  modification  of  the 
marine  faunas. 

Missouri  Epoch. — The  Missouri  epoch  was  a  time  of  wide  marine 
transgression  and  of  relative  prominence  of  limestone  deposition.  In 
most  places  the  sea  was  very  shallow  and  at  intervals  continental  sedi- 
mentation, which  persisted  in  the  east,  was  temporarily  extended  over 
the  area  of  marine  occupation.  Calcareous  deposits  of  Missouri  age  are 
especially  found  in  the  northern  Mid-Continent  and  in  north  central  and 
western  Texas.  Thin  but  very  extensive  limestones  and  marine  shales 
in  the  northern  Appalachian  region  show  that  the  seas  of  the  Missouri 
epoch  spread  temporarily  eastward  to  the  shores  of  Appalachia.  Fossil- 
bearing  marine  beds  are  widespread  in  the  western  states. 

The  Missouri  epoch  was  brought  to  a  close  by  mountain-building  in 
the  southern  Oklahoma  and  probably  the  Appalachian  region  and  by  a 
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general  interruption  of  sedimentation,  accompanied  in  places  by  erosion. 
The  main  folding  of  the  Arbuckle  Mountains  region  in  southern  Oklahoma 
occurred  at  this  time.  The  Pennsylvanian  and  older  Paleozoic  rocks 
were  uplifted  many  thousands  of  feet  and  in  places  were  broken  by  great 
faults.  Erosion  of  the  elevated  rock  masses  produced  coarse  conglomer- 
ates which  were  spread  northward  and  southward  from  the  mountain 
area.  The  folded  rocks  were  eventually  truncated  so  that  in  places 
where  later  Pennsylvanian  deposits  extended  over  the  erosion  surface, 
there  is  a  profound  angular  unconformity.  It  is  possible  that  the  intense 
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FIG.  173.—  Block  diagram  of  part  of  the  Glass  Mountains,  showing  Permian  resting 
directly  on  Early  Paleozoic  rocks  that  are  overthrust  on  Upper  Pennsylvanian  strata.  The 
great  deformation  of  the  pre-Permian  rocks  occurred  in  Late  Pennsylvanian  time.  (P.  B. 
King,  Texas  Bur.  Economic  Geol.) 

folding  and  faulting  that  affected  the  west  Texas  geosyncline  in  post- 
Gaptank  time  should  be  correlated  with  the  disturbance  that  brought 
the  Missouri  epoch  to  a  close,  but  this  is  not  established.  The  Ancestral 
Rockies  appear  to  have  been  uplifted  at  this  time,  for  the  later  Pennsyl- 
vanian deposits  of  the  Colorado  region  contain  much  coarse  sand  and 
red  beds,  and  locally  conglomerate. 

Virgil  Epfbch.—  The  latter  part  of  the  Pennsylvanian  period  is  marked 
by  a  strikingly  rhythmic  alternation  of  marine  and  nonmarine  deposition 
in  the  Mid-Continent  region  and  by  formation  of  very  large  coal  swamps 
in  the  northern  Appalachians.  The  sea  was  mostly  excluded  from 
the  Appalachian  region.  Although  limestones  are  important  in  the 
Monongahela  beds,  these  are  all  of  fresh-water  origin.  The  southern 
Oklahoma  and  Colorado  mountains  were  eroded,  the  resulting  sediments 
being  laid  down  in  adjacent  territory.  Near  the  mountain  uplifts  there 
are  conglomerates  and  coarse  sands,  but  farther  away  finer  sediments 
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prevail.  Land  deposits  near  the  mountain  areas  are  colored  red  on 
account  of  thorough  oxidation  of  iron-bearing  minerals. 

Close  of  the  Period. — The  general  conditions  that  distinguished  the 
late  part  of  Pennsylvanian  time  continued  with  little  or  no  change  into 
what  is  classed  as  Permian  time.  The  lands  in  the  east  appear  to  have 
been  slightly  elevated,  bringing  an  end  to  prevalent  coal-forming  condi- 
tions in  the  Appalachian  area,  and  the  sea  in  the  central  and  southwestern 
states  was  somewhat  restricted,  but,  with  possible  exception  of  the  west 
Texas  region,  the  record  of  sedimentation  is  entirely  continuous  from  one 
period  to  the  n$xt. 

Climate. — The  luxuriant  and  varied  vegetation  of  the  Pennsylvanian 
coal  swamps,  which  exhibits  general  uniformity  of  character  over  a  large 
part  of  the  world,  has  long  been  regarded  as  indicating  world-wide 
tropical  or  subtropical  climatic  conditions  in  this  period.  Evidences 
regarded  as  supporting  the  idea  of  world-wide  genial,  equable,  and 
generally  humid  climatic  conditions  have  been  summarized  as  follows: 
(1)  the  large  size  of  Pennsylvanian  insects,  (2)  the  occurrence  of  coral 
reefs  as  far  north  as  Svalbard  (Spitzbergen),  (3)  the  great  development 
and  wide  distribution  of  large  foraminifera  on  the  sea  bottom,  (4)  the 
cosmopolitan  character  of  land  floras  and  marine  faunas,  (5)  many 
structural  features  of  the  luxuriant  and  abundantly  preserved  plants, 
and  (6)  the  long  duration  with  slight  changes  of  both  faunas  and  floras 
(Dunbar). 

Analysis  of  these  criteria  (Giles)  raises  serious  question  as  to  their 
validity  as  indicators  of  climate.  The  size  of  animals  is  not  a  function  of 
temperature.  Corals  live  today  in  very  cool  waters  as  well  as  in  the  warm 
seas.  Distribution  of  warm  ocean  currents  may  influence  the  character 
of  marine  faunas,  and  therefore  the  occurrence  of  organisms  of  tropical 
affinities  in  high  latitudes  is  not  necessarily  indicative  of  generally  warm 
climate.  Further,  both  plants  and  animals  have  powers  of  adaptation 
to  environment  which  make  insecure  the  inferences  as  to  climatic  signifi- 
cance based  on  ancient  fossils.  The  Pennsylvanian  was  a  time  of 
marked  evolutional  change,  among  both  plants  and  animals.  There  is 
basis  for  the  conclusion  that  the  climate  of  Pennsylvanian  time  may 
have  been  geographically  varied,  that  much  of  the  land  area  may  have 
been  temperate  or  cool  rather  than  very  warm,  and  that  both  dry  and 
humid  conditions  may  have  existed  simultaneously  in  different  places  and 
successively  in  the  same  region.  The  problem  of  interpreting  the  climate 
of  past  geologic  time  is  a  complex  and  difficult  one. 

ECONOMIC  PRODUCTS 

The  chief  materials  of  economic  importance  contained  in  the  Pennsylvanian  rocks 
are  coal,  oil,  gas,  iron  ore,  stone,  and  materials  used  for  Portland  cement  and  manu- 
facture of  clay  products. 
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Coal  fields  of  the  United  States  of  Pennsylvanian  age  occupy  more  than  200,000 
square  miles.  The  Appalachian  is  the  most  important  district,  the  annual  production 
of  anthracite  and  bituminous  coals  averaging  abdut  350  million  tons  a  year,  valued 
at  about  $700,000,000.  The  Eastern  Interior  fields  produce  about  160  million  tons 
of  coal  annually,  valued  at  about  $300,000,000,  and  the  Mid-Continent  field  about  16 
million  tons  valued  at  $50,000,000.  The  combined  value  of  these  exceeds 
$1,000,000,000. 

Oil  and  gas  are  obtained  from  Pennsylvanian  formations  chiefly  in  the  Mid- 
Continent  region  of  Kansas,  Oklahoma,  and  Texas.  Pottsville  beds  yield  oil  and  gas 
in  Pennsylvania,  Ohio,  Indiana,  Illinois,  and  Kentucky.'  Oil  is  obtained  from  the 
Pennsylvanian  of  Wyoming,  New  Mexico,  and  Utah. 

Beds  of  iron  ore  occur  in  the  Pennsylvanian  system  in  Pennsylvania,  eastern  Ohio, 
and  northern  West  Virginia.  The  ore  consists  of  the  carbonate  or  oxide. of  iron  in 
the  form  of  layers  or  nodules.  The  deposits  were  made  in  marshes,  precipitation  of 
the  iron  dissolved  in  water  being  effected  probably  through  action  of  bacteria. 

Portland  cement  and  clay  products  are  manufactured  in  large  quantities  from 
Pennsylvanian  rocks.  Many  of  the  clay  deposits  beneath  the  coal  beds  have  plastic 
and  fire-resisting  properties  that  make  them  excellent  for  pottery  and  other  clay 
products. 

SUMMARY 

The  Pennsylvanian  system  is  the  chief  coal-bearing  division  of  the 
geologic  column.  It  contains  also  great  quantities  of  oil,  gas,  and  other 
materials  useful  to  man. 

A  well-marked  unconformity  separates  Pennsylvanian  and  Missis- 
sippian  rocks  in  most  places,  both  in  North  America  and  in  other  con- 
tinents, but  the  bpundary  between  Pennsylvanian  and  Permian  is  not 
clearly  defined. 

Continental  deposits,  consisting  of  conglomerate,  sandstone,  shale, 
coal,  and  limestone,  are  relatively  prominent  in  the  Pennsylvanian 
system.  To  a  remarkable  degree  an  alternation  of  nonmarine  and  marine 
formations  occurs  throughout  an  enormous  territory.  This  points  to  a 
general  stand  of  the  continental  surface  close  to  sea  level  and  very 
frequent  oscillations  of  sea  and  land  conditions.  Many  of  the  marine 
strata  and  some  of  the  continental  deposits,  especially  coal  beds,  are 
remarkably  persistent  horizontally.  The  occurrence  of  a  definite  rhythm 
or  cycle  of  sedimentation  is  observed  in  the  Appalachian,  Eastern  Interior, 
and  Mid-Continent  regions. 

Pennsylvanian  rocks  are  very  widespread  in  North  America.  They 
attain  a  thickness  locally  (eastern  Oklahoma  and  western  Arkansas)  of 
about  25,000  feet. 

The  Appalachian  region  contains  thick  continental  deposits  derived 
from  the  borderland  Appalachia  on  the  east.  Outcrops  extend  from 
Pennsylvania  to  Alabama.  Conglomerate  and  sandstone  are  prominent, 
but  there  ate  much  shale,  in  part  red,  and  many  coal  beds.  Thin  marine 
limestones  occur  especially  toward  the  northwest  and  in  the  upper  part 
of  the  system  there  is  much  fresh- water  limestone,  Four  "series," 
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divided  by  arbitrarily  selected  coal  beds,  are  recognized:  in  upward  order, 
(1)  Pottsville,  (2)  Allegheny,  (3)  Conemaugh,  and  (4)  Monongahcla. 

The  New  England-eastern  Canada  region,  extending  from  Rhode 
Island  to  Newfoundland,  is  distinguished  by  dominance  of  continental 
sedimentation  and  complexity  of  structure  due  to  post-Pennsylvanian 
diastrophism.  The  beds  are  considerably  metamorphosed  in  some  places. 
Igneous  intrusions  have  greatly  affected  the  rocks  locally. 

The  Michigan  Basin  contains  about  700  feet  of  Pennsylvanian  rocks, 
mostly  of  Pottsville  age. 

The  Eastern  Interior  region,  including  most  of  Illinois,  western  Indiana, 
and  western  Kentucky,  shows  characters  intermediate  between  the 
dominantly  nonmarine  Appalachian  district  and  the  dominantly  marine 
Mid-Continent  and  western  areas.  Cycles  of  sedimentation  with 
alternating  nonmarine  and  marine  beds  are  well  developed. 

The  Mid-Continent  region  offers  an  exceptionally  important  record  of 
Pennsylvanian  history,  because  highly  f ossilif erous  marine  and  nonmarine 
deposits  representing  almost  the  entire  period  occur  adjacent  to  areas  of 
recurrent  mountain  uplifts  that  show  times  of  crustal  disturbance.  On 
the  basis  of  interruptions  in  sedimentation  that  are  correlated  with  these 
crustal  movements  and  that  correspond  to  major  changes  in  faunal 
characters,  four  series  are  recognized:  in  upward  order,  (1)  Morrow,  (2) 
Des  Moines,  (3)  Missouri,  and  (4)  Virgil.  The  area  of  outcrop  extends 
from  northern  Iowa  to  Texas. 

Western  North  America  contains  widespread  and  locally  thick  Pennsyl- 
vanian deposits,  the  lower  part  mainly  marine,  and  the  upper  part  con- 
sisting of  sandstones  and  red  beds  that  are  largely  nonmarine.  Along 
the  Pacific  Border  the  structure  of  the  rocks  is  very  complex. 

Coal  is  a  subject  of  special  interest  in  connection  with  study  of 
Pennsylvanian  history.  Chemical  and  physical  investigations  show  that 
coal  is  made  up  of  plant  hydrocarbons  and  of  a  variable  inorganic  mineral 
content.  Geologic  evidence  indicates  that  most  coal  beds  were  formed 
by  accumulation  of  plant  matter  in  a  swampy  environment,  with  subse- 
quent progressive  loss  of  volatile  matter.  Metamorphic  changes  may 
alter  peat  to  bituminous  coal  to  anthracite,  and  finally  to  graphite. 


CHAPTER  XIX 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  PERMIAN  TIME 

The  last  part  of  Paleozoic  time  is  called  the  Permian  period.  It  is 
especially  significant  and  interesting  because  it  marks  the  close  of  one  of 
the  major  divisions  of  earth  history  and  presents  a  transition  leading  to 
the  new  world  of  Mesozoic  time.  The  Permian  witnessed  profound 
readjustments  both  in  the  physical  and  in  the  organic  realm.  The 
continents  were  uplifted  and  enlarged,  and  gradually  the  shallow  seas 
that  had  covered  large  portions  of  the  lands  were  withdrawn.  Extensive 
saline  basins  were  formed  in  certain  places  and  in  them  the  world's 
greatest  salt  deposits  were  made.  Mountain  ranges  were  elevated  in 
many  parts  of  the  globe.  Changes  in  climate  were  widespread  and 
important,  the  outstanding  feature  being  the  glaciation  that  affected  an 
enormous  territory  in  the  Southern  Hemisphere.  On  land  and  somewhat 
more  slowly  in  the  sea  there  were  far-reaching  alterations  of  plant  and 
animal  life  that  represent  accelerated  evplution  in  response  to  the 
unusual  modifications  of  the  physical  world.  In  these  ways  the  close 
of  the  Paleozoic  era  is  evidenced  and  the  preparation  for  a  new  order  is 
signalized. 

The  name  Permian  is  derived  from  the  province  of  Perm  in  north- 
eastern Russia,  where  in  1841  the  British  geologist  Murchison  discovered 
a  series  of  marine,  brackish,  and  fresh-water  strata  above  the  Carbon- 
iferous and,  as  shown  by  rather  sparse  faunas,  beneath  the  early  Mesozoic 
Triassic  deposits.  Rocks  of  Permian  age  occur  in  other  parts  of  Europe 
but  the  system  was  defined  in  Russia  because  the  succession  of  beds  is 
more  nearly  complete  in  this  region  than  elsewhere.  Murchison's 
original  Permian  is  now  commonly  accepted  as  Upper  Permian  and  an 
underlying  series  of  fossiliferous  marine  strata  that  was  regarded  as 
transitional  between  'the  Carboniferous  and  Permian  (and  therefore 
termed  "Permo-Carboniferous")  is  now  classed  as  Lower  Permian.  In 
places  the  Permian  lies  unconformably  on  folded  and  eroded  Carbon- 
iferous and  older  rocks,  but  in  most  of  Russia  the  Upper  Carboniferous 
and  Permian  are  conformable.  The  boundary  between  the  two  systems 
in  the  latter  case  is  drawn  at  the  horizon  where  certain  fossils  that  are 
characteristic  of  the  Permian  formations  first  make  their  appearance. 
To  some  extent,  therefore,  the  separation  of  the  Permian  from  the  Upper 
Carboniferous  is  arbitrary,  and  there  are  geologists  who  think  that,  in 
spite  of  the  great  difference  in  the  general  conditions  that  distinguish 
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these  periods,  they  should  be  included  together.  The  recognition  of 
Permian  as  a  distinct  period  seems  justified,  however,  even  though  in 
places  there  is  no  break  in  sedimentation  to  define  clearly  its  beginning. 
It  is  perhaps  logical  to  begin  study  of  the  Permian  with  a  somewhat 
detailed  consideration  of  the  type  section  in  Europe.  We  are  chiefly 
concerned,  however,  with  the  geologic  history  shown  on  the  North 
American  continent,  and,  therefore,  with  the  mere  statement  that 
definition  of  the  Permian  system  in  various  parts  of  the  world  is  based 
on  characters  of  the  European  succession,  we  shall  take  up  consideration 
of  the  American  Permian  first. 

PERMIAN  FORMATIONS  OF  NORTH  AMERICA 

Distribution  and  General  Character 

Rocks  of  Permian  age  occur  in  North  America  chiefly  in  (1)  the 
northern  Appalachian  area,  (2)  the  Mid-Continent  region,  including 
territory  in  western  Texas  and  eastern  New  Mexico,  and  (3)  widely 
scattered  areas  in  the  western  part  of  the  continent.  Much  the  largest 
area  of  surface  outcrops  is  in  the  Mid-Continent,  where  also  are  the 
thickest  and  most  complete  sections  of  beds  belonging  to  the  Permian 
system.  The  original  extent  of  Permian  deposits  in  eastern  North 
America  was  undoubtedly  very  much  greater  than  the  area  of  present 
exposures,  but  definite  evidence  of  this  former  distribution  is  lacking. 
The  Permian  appears  to  have  covered  much  of  Alaska  and  considerable 
adjacent  country  in  northwestern  Canada. 

The  character  of  the  Permian  rocks  differs  greatly  in  the  widely 
separated  areas  that  have  been  indicated,  and  it  also  shows  much  varia- 
tion in  some  districts  that  adjoin.  Viewed  broadly,  there  are  three 
main  types  of  sedimentation:  (1)  normal  marine  deposits  consisting  of 
limestone,  shale,  and  sandstone,  many  of  the  beds  containing  an  abun- 
dance of  fossil  shells;  (2)  saline  basin  deposits  consisting  of  chemically 
precipitated  calcareous  and  magnesian  carbonates,  anhydrite,  gypsum, 
and  salt,  accompanied  by  gray  and  red  silty  and  clayey  deposits,  all 
very  poor  or  lacking  in  fossils;  and  (3)  continental  deposits  consisting 
chiefly  of  red  beds  of  very  fine  to  coarse  texture,  containing  in  places  the 
bones  of  land  animals  and  the  generally  rather  poorly  preserved  remains 
of  land  plants.  Locally,  the  nonmarine  Permian  beds  contain  some  thin 
coal  deposits. 

Variation  laterally  or  vertically  from  one  of  these  types  of  deposition 
to  another  is  observed  in  many  places.  For  example,  the  lower  part 
of  the  Permian  section  in  the  northern  Mid-Continent  is  of  the  normal 
marine  type  but  above  these  beds  there  are  saline  basin  deposits  and  still 
higher  there  are  thick  nonmarine  rod  beds.  This  shows  a  changing 
environment  in  this  region  during  Permian  time.  A  change  laterally  ifl 
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observed  here  also,  for  the  normal  marine  Lower  Permian  strata  of 
Kansas  grade  southward  into  nonmarine  red  beds  of  equivalent  age  in 
Oklahoma.  The  southwestern  Mid-Continent  region  shows  the  most 
complex  lateral  variations,  however,  for  there  are  contemporaneous 
deposits  of  almost  every  sort  and  the  distribution  of  these  different  types 
shifted  constantly.  Accordingly,  it  is  found  that  a  section  consisting 
of  several  hundred  feet  of  limestone  and  dolomite  is  equivalent  to  one 


Fio.  174. — Map  of  North  America  showing  outcrop  area  of  the  Permian  system  (black) 
and  the  inferred  area  of  original  distribution  of  Permian  deposits  (oblique  shading).  (V.  R. 
D.  Kirkham,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry  Holt  &  Company.) 

composed  entirely  of  salt,  gypsum,  and  anhydrite,  and  to  another  made 
up  mainly  of  red  beds,  even  though  these  respective  sections  are  only  a 
few  miles  apart. 

Appalachian  Region 

Permian  deposits  are  found  in  the  northern  Appalachian  region  (1) 
in  the  plateau  country  drained  by  the  upper  Ohio  River  in  West  Virginia, 
Pennsylvania,  and  Ohio,  and  (2)  in  eastern  Canada  and  New  England. 
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sections  of  the  Permian  system  in  Pennsylvania,  Kansas,  the 
Grand  Canyon  region,  and  west  Texas. 
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West  Virginia,  Pennsylvania,  and  Ohio. — A  roughly  elliptical  outcrop 
area  of  Permian  beds,  some  8,000  square  miles  in  extent,  occurs  in  north- 
western West  Virginia  and  adjacent  parts  of  Pennsylvania  and  Ohio. 
The  beds  are  practically  fiat-lying,  and,  because  the  topography  of  the 
region  is  rugged,  the  boundary  of  the  Permian  area  is  very  irregular. 
The  strata,  which  are  known  as  the  Dunkard  series,  consist  of  sandstones, 
sandy  shales,  a  few  thin  limestones,  and  some  coal  beds.  The  color  of 
the  deposits  is  mainly  reddish.  Leaves  of  land  plants  are  abundant  in 
some  beds,  and  it  is  primarily  on  the  basis  of  these  that  the  series  is 
correlated  with  the  Lower  Permian  of  the  European  section.  The  pres- 
ence of  brachiopod  shells  and  shark  remains  in  certain  strata,  also, 
proves  that  this  region  was  at  least  temporarily  covered  by  the  sea. 

The  maximum  thickness  of  the  Permian  in  this  area  is  about  1,200 
feet,  but  there  is  no  way  to  tell  how  great  an  additional  thickness  of  beds 
has  been  removed  by  post-Permian  erosion.  This  erosion  has  undoubt- 
edly carried  away  entirely  a  very  large  amount  of  Permian  beds  that 
were  once  present  and  it  has  reduced  by  an  unknown  amount  the  original 
area  of  distribution  of  these  deposits.  It  is  probable,  indeed,  that 
Permian  formations  were  once  continuous  from  West  Virginia  to  Kansas. 
The  Dunkard  rests  conformably  on  the  top  division  of  the  Appalachian 
section  of  Pennsylvanian  rocks  and  is  really  a  continuation  of  these 
deposits  without  interruption  or  essential  change  of  conditions.  The 
only  reason  for  classifying  the  beds  as  Permian  is  the  character  of  the 
fossils  that  have  been  found  in  them. 

Eastern  Canada  and  New  England. — Red  and  gray  sandstones,  sandy 
shales,  and  coarse  conglomerates  having  a  reported  thickness  up  to 
9,300  feet  represent  the  Permian  in  New  Brunswick,  Nova  Scotia,  and 
Prince  Edward  Island.  In  places  the  beds  dip  steeply  and  are  broken 
by  large  faults. 

Near  Boston  is  a  deposit  of  conglomerate  up  to  600  feet  thick  con- 
taining striated  and  faceted  pebbles.  It  is  regarded  as  glacial  in  origin 
and  is  called  the  Squantum  tillite,  but  the  glacial  origin  of  the  deposit 
is  still  open  to  question.  The  deposit  is  probably,  Permian. 

Mid-Continent  Region 

Permian  strata  are  exposed  in  the  Mid-Continent  region  in  a  large 
area  extending  from  Nebraska  to  Texas  and  also  from  western  Texas 
through  much  of  eastern  New  Mexico.  The  outcrop  belt  is  widest 
(more  than  200  miles)  in  southern  Oklahoma  and  northern  Texas, 
becoming  narrower  to  the  north  and  south  because  of  overlapping 
younger  strata  that  spread  obliquely  across  the  Permian  beds,  progres- 
sively concealing  more  and  more  of  them.  The  general  inclination  of 
the  Permian  in  the  Nebraska-north  Texas  belt  is  westward  but  the  dip 
is  slight,  mostly  25  to  50  feet  to  the  mile;  in  the  west  Texas-New  Mexico 
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area  the  direction  and  amount  of  dip  are  less  regular.  The  thickness  of 
exposed  Permian  rocks  is  only  a  few  hundred  feet  in  northern  Kansas 
but  it  is  7,000  feet  in  part  of  west  Texas.  Both  continental  and  marine 
deposits  are  prominent,  the  latter  including  large  areas  and  thicknesses 
of  normal-type  beds  and  also  of  the  chemical  precipitates  of  more  or  less 
highly  concentrated  saline  basins. 

The  Permian  formations  of  the  Mid-Continent  region  can  be  described 
conveniently  according  to  four  geographic  subdivisions  which  we  shall 
consider  briefly,  proceeding  from  northeast  to  southwest. 

Northern  Mid-Continent. — The  Permian  of  southern  Nebraska, 
Kansas,  and  northern  Oklahoma  begins  with  normal  marine  sediments 
consisting  of  thin,  fossiliferous  light-colored  limestone  beds  alternating 


FIG.  170. — Outcrop  of  Permian  limestone  (Cotton wood)  in  central  Kansas.     (R.  C.  Moore, 

Kansas  Geol.  Survey,} 

with  shale.  Except  for  slight  differences  in  lithology  and  fossils,  these 
strata  are  practically  identical  in  character  with  the  underlying  Upper 
Pennsylvanian  formations,  and,  like  the  latter,  the  Permian  beds  are 
strikingly  persistent  and  uniform  horizontally.  There  is  no  evidence  of 
interruption  of  sedimentation  between  the  systems  and  consequently 
there  has  been  some  uncertainty  as  to  designation  of  the  exact  boundary. 
This  is  now  determined  on  the  basis  of  fossils  and  to  some  extent  also  on 
lithology. 

The  marine  Lower  Permian  (called  Big  Blue  group)  has  a  thickness 
of  about  1,100  feet.  In  the  north  there  are  workable  beds  of  gypsum  in 
the  lower  part  of  the  group,  showing  that  parts  of  the  sea  were  sufficiently 
inclosed  in  this  region  to  permit  concentration  of  the  sea  water  by 
evaporation  to  the  point  at  which  precipitation  of  calcium  sulphate  takes 
place.  The  upper  part  of  the  Lower  Permian  contains  extensive  beds 
of  rock  salt  which  prove  that  the  sea  in 'the  northern  Mid-Continent 
was  at  this  time  a  highly  concentrated  saline  water  body.  The  salt 
occurs  in  very  even  layers  alternating  with  gray  or  reddish  clay.  The 
thickness  of  individual  salt  beds  ranges  from  less  than  an  inch  to  50  feet 
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or  more,  and  the  total  thickness  of  rock  salt  exceeds  400  feet  in  part  of 
•the  basin.  The  salt  area  covers  about  20,000  square  miles  in  south- 
western Kansas,  western  Oklahoma,  and  northern  Texas.  It  is  reason- 
ably certain  that  this  salt  sea  was  not  a  completely  inclosed  inland  sea 
but,  rather,  that  there  was  at  least  a  periodic  connection  with  open  seas 
to  the  south.  Reasons  for  this  conclusion  are  the  observations  that 
(1)  the  quantity  of  rock  salt  in  the  basin  is  much  too  great  unless  there 
was  a  continued  addition  of  sea  water  from  outside,  and  (2)  deposits 
of  potash  salts,  which  are  more  soluble  than  common  salt  and  require  a 
higher  degree  of  salinity  for  their  precipitation,  are  entirely  lacking  in 
this  region.  If  a  single  large  salt-water  body  had  been  evaporated  to 


•nu.  i<  /. — omi-  iii  a  mine  near  i^yons,  rvans.      rsore  i>ne  nonzoiiLai  uaiiuing  winrii  is  aue  LO 
small  inclusions  of  anhydrite  with  the  salt.     (Kansas  Geol.  Survey.) 

dryness,  deposition  of  potash  salts  should  have  taken  place  in  the  later 
stages  of  desiccation.  The  absence  of  potash  deposits  in  the  northern 
Mid-Continent  apparently  means,  therefore,  that  the  dwindling  Permian 
salt  sea  of  the  north  was  drained  southward  into  the  Texas  basin  before 
extinction  of  the  sea  by  evaporation  took  place. 

Overlying  the  salt  beds  but  still  classed  as  Lower  Permian,  there  are 
red  beds  (Cimarron  group)  that  are  1,000  feet  or  more  in  thickness. 
These  deposits  consist  mainly  of  sand-  and  siltstone,  rather  unevenly 
stratified  and  distinguished  by  their  prevailing  red  color  and  the  general 
absence  of  fossils.  They  are  mostly  nonmarine,  but  at  certain  horizons 
there  are  extensive  beds  of  gypsum,  dolomite,  and  in  places  salt,  which 
indicate  the  existence  of  water  bodies  that  were  either  large  saline  lakes 
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or  temporary  embayments  of  the  sea.  Deep  drilling  in  western  Kansas 
and  Oklahoma  has  shown  that  in  places  the  red-beds  deposits  grade 
laterally  into  somewhat  porous  dolomite  and  anhydrite  which  are  the 
product  of  deposition  in  a  saline  basin.  The  distribution  of  natural  gas 
which  occurs  in  enormous  quantity  in  parts  of  this  Permian  section,  and 
also  of  oil,  is  largely  controlled  by  these  lateral  changes  in  the  nature  of 
the  rock  formations. 

Central  Mid-Continent. — The  central  portion  of  the  Mid-Continent 
Permian  may  be  defined  to  include  most  of  the  deposits  of  this  age  in 
Oklahoma,  the  northern  Panhandle  of  Texas,  and  part  of  the  north 
Texas  country  south  of  Red  River.  The  dominant  type  of  sedirnenta- 


Fio.  178. —  Escarpment  formed  by  Permian  gypsum  beds  on  Isorth  Fork  ol  Keel  River, 
southwestern  Oklahoma.     (Bailey  Willis,  U.  S.  Geol.  Survey.) 

tion  in  this  region  is  red  beds  and  the  thickness  of  these  deposits  is  locally 
nearly  5,000  feet.  There  are  widespread  sandstones  of  varying  texture 
and  thickness,  some  of  which  are  coarse  grits  that  grade  into  conglomer- 
ates. There  is  also  much  fine  silty  and  clayey  material,  and  at  some 
horizons  there  are  persistent  beds  of  gypsum  and  dolomite.  Laterally 
the  lower  red  beds  grade  both  northward  and  southward  into  nonred 
marine  sediments,  which  shows  that  this  portion  of  the  central  Mid- 
Continent  red  beds  are  contemporaneous  with  the  marine  formations 
of  adjoining  territory.  The  line  of  color  change  trends  obliquely  across 
the  strike  of  the  beds  to  the  northwest  and  southwest,  for  the  red  beds 
reach  farther  north  and  south  as  one  proceeds  upward  in  the  section. 
The  distribution  of  the  red  beds  and  the  increasing  coarseness  in  the 
neighborhood  of  the  southern  Oklahoma  mountains  show  that  these 
uplifted  areas  were  the  source  of  at  least  part  of  the  Permian  sediments. 
The  main  sources,  however,  were  land  areas  to  the  southeast  (Llanoria) 
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and  west  (Ancestral  Rockies),  for  the  southern  Oklahoma  mountains 
were  very  largely  buried  by  the  red  beds  before  the  close  of  Permian 
sedimentation. 

Southern  Mid-Continent. — The  southern  Mid-Continent  includes 
the  Texas  area  south  of  Red  River,  where  red  beds  largely  disappear 
and  marine  formations  like  those  in  the  Lower  Permian  of  Kansas  are 
well  developed.  The  conditions  are  indeed  essentially  similar  to  those 
of  the  northern  Mid-Continent  district  except  that  limestone,  in  part 
very  fossiliferous,  is  more  prominent.  The  beds  dip  westward  and  grade 
laterally  in  this  direction  into  deposits  of  the  saline  basin  which  covers 
much  of  west  Texas. 

Southwestern  Mid-Continent. — The  Permian  of  westernmost  Texas, 
beyond  the  Pecos  River,  and  of  eastern  New  Mexico  is  distinguished  by 
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Fio.  179. — Diagram  showing  different  types  of  contemporaneous  Permian  deposits 
in  the  west  Texas  region  and  indicating  associated  faunal  characters.  (P.  B.  King,  U>  S. 
GeoL  Survey.) 

the  great  thickness  of  marine  deposits  in  which  limestone  and  dolomite, 
in  part  highly  fossiliferous,  are  a  very  prominent  part.  The  Glass 
Mountains  section,  about  6,000  feet  thick,  contains  an  extremely  inter- 
esting succession  of  fossiliferous  rocks,  mostly  limestone  and  dolomite, 
but  containing  also  siliceous  shale  and  chert  that  is  composed  very  largely 
of  the  siliceous  skeletons  of  radiolarian  protozoans.  There  are  uncon- 
formities between  some  of  the  formations  that  are  marked  not  only  by 
uneven,  erosional  contacts  but  by  thick  basal  conglomerates.  The 
constituent  pebbles  and  cobbles  of  the  conglomerates  appear  to  have 
come  mainly  from  uplands  or  mountains  in  the  Marathon  area  which 
is  south  of  the  region  of  Permian  outcrops.  It  should  be  recalled  that  an 
important  mountain-making  deformation  affected  the  west  Texas 
Pennsylvanian  and  older  rocks  shortly  before  or  immediately  preceding 
Permian  time,  and  it  is  probable  that  the  mountain  area  was  reelevated 
somewhat  during  parts  of  the  Permian  period. 

The  Guadalupe  Mountains  area,  which  extends  from  west  Texas 
into  southeastern  New  Mexico,  also  contains  a  very  thick  succession  of 
marine  strata,  the  lower  part  consisting  of  dark  limestone  and  thick 
sandstone,  and  the  upper  part  of  very  massive  dolomite.  Some  of  the 
beds  contain  abundant  fossils  that  indicate  a  normal,  marine  environment. 


PHYSICAL  HISTORY  OF  PERMIAN  TIME 


325 


ill 


326 


THE  PALEOZOIC  ERA 


Eastward  in  the  direction  of  the  west  Texas  basin,  however,  there  is  a 
remarkable  change  in  the  character  of  the  beds,  for  the  rocks  of  the  basin 
consist  almost  wholly  of  rock  salt,  anhydrite,  or  gypsum,  and  some 
dolomite.  These  are  deposits  of  a  highly  saline  water  body  which 
represents  the  main  remnant  of  the  formerly  extensive  interior  Permian 
sea.  In  this  basin,  evaporation  finally  proceeded  sufficiently  far  to 
produce  important  beds  of  potash  salts.  The  lateral  gradation  of  these 
saline  beds  into  formations  carrying  a  normal  marine  fauna  in  a  westward 
and  southerly  direction  is  interpreted  to  mean  that  (1)  the  two  very 
different  types  of  deposits  are  essentially  contemporaneous,  and  that  (2) 
the  connections  of  the  salt  basin  with  the  open  sea  lay  on  its  southwest 
margin.  Part  of  the  limestone  and  dolomite  which  are  so  thick  in  this 
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FIG.  181. — Escarpment  of  Permian  limestones  in  the  Glass  Mountains,  west  Texas.     (P.  B. 

King,  U.  S.  Geol.  Survey.) 

area  may  be  a  chemical  precipitate  formed  by  concentration  of  the  sea 
water  as  it  seeped  into  the  salt  basin.  It  is  also  possible  that  the  thick 
fossil-bearing  limestone  aiid  dolomite  are  largely  of  organic  origin,  and 
accordingly  that  they  may  be  considered  as  a  great  "reef"  or  bioherm. 
Support  for  this  interpretation  is  found  in  the  occurrence  of  abundant 
organisms  of  reef-dwelling  habit,  such  as  algae,  bryozoa,  and  cemented 
brachiopods. 

4 

Western  North  America 

Permian  deposits  are  known  in  most  of  the  western  states,  in  western 
Canada,  and  in  Alaska,  the  most  widespread  and  common  type  of 
sediment  being  red  beds.  In  Colorado  the  red  beds  attain  a  thickness 
of  at  least  10,000  feet  and  there  is  evidence  that  much  of  the  material  was 
derived  from  local  mountainous  areas  comprising  part  of  the  Ancestral 
Rockies  that  were  formed  in  Late  Pennsylvanian  time.  Farther  west, 
in  Arizona,  Utah,  Wyoming,  and  other  states,  there  are  marine  lime- 
stones containing  a  variety  of  fossils,  but  considerable  thicknesses  of 
nonmarine  red  beds  are  present  here  also.  An  unusually  well-exposed 
section  is  that  seen  in  the  upper  walls  of  the  Grand  Canyon  of  the 
Colorado  (see  Chap.  IV),  where  about  2,000  feet  of  red  sandstone  and 
shale  is  overlaid  by  600  feet  of  massive  limestone  (Kaibab)  which  forms 
the  rim  of  the  Grand  Canyon.  The  marine  Permian  of  northern  Utah, 
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Wyoming,  and  Idaho  contains  largo  quantities  of  calcium  phosphate 
which  is  valuable  as  a  fertilizer. 

Recent  studies  of  complexly  folded  and  metamorphosed  rocks  in 
northeastern  Oregon  indicate  the  existence  of  several  thousand  feet  of 
Permian  strata  in  this  part  of  the  Pacific  Border  region.  These  rocks 
are  mainly  greenstones  which  are  altered  lavas  containing  volcanic 
breccia,  tuff,  and  conglomerate.  There  are  also  metamorphosed  clay 
shale  beds  (argillite)  and  lenses  of  marine  limestone  containing  fossils. 
The  large  quantity  of  igneous  rock  points  to  considerable  volcanic  activity 
in  Late  Paleozoic  time  in  Oregon. 


Fia.   182. — Permian  limestone  (Kaibab)   in  the  Canyon   Diablo,  east  of  Flagstaff,  Ariz. 
(.V.  H,  Darton,  V.  fl.  Gcol.  Survey.) 

PERMIAN  FORMATIONS  OF  OTHER  CONTINENTS 

Europe. — The  chief  areas  of  Permian  rocks  in  Europe  are  found  in  Russia  and 
Germany,  but  there  are  also  important  exposures  in  the  Alps  region,  Sicily,  France, 
and  the  British  Isles. 

The  Russian  Permian,  in  the  typo  region  west  of  I  lie  Trnls,  begins  \\  ith  fossiliferous 
limestones  of  normal  marine  aspect  (Xchinuirn'Hd  beds)  and  follous  \\ith  beds  con- 
sisting mainly  of  sandstone  but  containing  also  conglomerate,  shale,  and  limestone 
(Artinsk  and  Kungur  beds).  All  of  these  rocks  are  elassed  as  Lo\\er  Permian.  The 
Upper  Permian  (Kazan  beds)  consists  of  reddish  and  £n\y  sandstones,  shales,  and 
impure  limestones,  and  in  places  of  beds  of  gypsum.  There  are  marine  fossils  and  also 
land  animals  and  plants. 

The  Permian  of  Germany  presents  a  well-defined  twofold  character,  Lower 
Permian  (Rotliegende)  with  dominant  red  beds  below,  and  Upper  Permian  (Zechstein) 
earthy  limestone,  dolomite,  anhydrite,  gypsum,  and  salt  above.  The  name  Dyas, 
meaning  twofold,  has  been  used  by  many  German  geologists  for  these  rocks  but  is  now 
generally  supplanted  by  the  geographic  term  Permian.  The  Lower  Permian  consists 
mainly  of  sandstone  and  shale  but  contains  also  beds  of  conglomerate,  and  some  salt 
and  gypsum;  in  the  upper  part  is  a  large  amount  of  igneous  rock  in  the  form  of  lava 
sheets,  dikes,  and  fragmented  material.  Thin  beds  of  coal  occur  in  many  places. 
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Although  the  general  nature  of  these  beds  is  very  unlike  that  of  the  Upper  Carbonif- 
erous, there  is  little  or  no  break  between  them.  The  Upper  Permian  contains  near 
the  base  a  thin  copper-bearing  slate  that  has  been  extensively  mined.  Associated 
with  the  salt,  anhydrite,  and  gypsum  of  the  upper  part  of  this  series  are  large  quanti- 
ties of  potash  salts,  one  of  the  most  famous  deposits  being  that  of  the  Stassfurt  region. 
The  conditions  of  Permian  sedimentation  in  central  Europe  were  evidently  very 
similar  to  those  in  the  Mid-Continent  region  of  the  United  States.  An  important 
feature  in  connection  with  the  Permian  rocks  of  Germany  is  the  well-established 
correlation  of  beds  containing  land  vertebrates  and  plants  with  fossiliferous  marine 
strata  of  the  Russian  province,  for  this  assists  greatly  in  establishing  the  relative  age 
of  marine  and  nonmarine  Permian  formations  in  other  parts  of  the  world. 

The  Permian  of  England  is  very  similar  to  that  of  Germany  except  .that  the  system 
is  much  thinner.  The  lower  New  Red  sandstone,  which  rests  uriconformably  on 
Upper  Carboniferous  rocks,  is  equivalent  to  the  Rotliegende,  and  the  overlying 
Magnesian  limestone,  which  contains  some  gypsum  and  salt  beds,  corresponds  to 
the  Zechstein. 

Asia. — Permian  strata  are  widespread  in  Asia.  The  most  important,  carefully 
studied  sections  are  located  in  northern  India  (Salt  Range)  and  the  Himalaya  region 
where  marine  formations  with  many  fossils  are  well  developed.  At  the  base  of  these 
strata  are  extensive  boulder  beds  (Talchir)  that  are  very  clearly  of  glacial  origin. 
Boulders  up  to  6  feet  in  diameter,  with  striated  and  polished  faces,  rest  in  places  on 
grooved  and  glacially  smoothed  bedrock.  The  thickness  of  the  drift  is  reported  to 
reach  a  maximum  of  nearly  1,000  feet.  A  majority  of  the  boulders  consist  of  rhyolite 
that  is  identifiable  as  having  been  derived  from  a  part  of  peninsular  India  some 
750  miles  to  the  south.  The  direction  of  ice  movement  was  thus  northward  away 
from  the  Equator,  and  this  is  the  more  remarkable  since  part  of  the  existing  glacial 
deposits  are  within  18  degrees  of  the  Equator. 

The  Lower  Permian  deposits  are  more  widely  distributed,  or  at  least  better  known 
in  Asia  than  the  Upper.  The  Schwagerina  fauna  of  Early  Permian  age  is  present  in 
the  Himalayan  region  and  extends  far  northward  and  eastward  in  China  and  Mongolia. 
The  succeeding  Fwswh'na-bearing  limestones,  which  are  well  developed  in  the  Salt 
Range  of  India,  are  Lower  Permian  or  lower  Middle  Permian.  Upper  Permian  beds 
containing  distinctive  am  monoids  and  fusulinids  are  also  recognized. 

Australia  and  East  Indies.— Thick  marine  and  nonmarine  Permian  deposits, 
including  glacial  beds,  occur  in  Australia.  Here  also  the  presence  of  smoothed  and 
striated  bedrock,  the  great  areal  extent  of  the  glacial  materials,  and  their  thickness 
prove  the  existence  of  continental  glaciers.  There  are  also  iceberg-floated  deposits. 
New  South  Wales,  in  the  southeastern  part  of  Australia,  shows  a  thick  Permian  section 
that  conformably  succeeds  beds  of  Pennsylvanian  age.  In  order  upward,  the  Permian 
includes  fossiliferous  marine  beds  2,200  feet  thick,  a  coal-bearing  series  (2,000  feet), 
an  upper  marine  series  (6,400  feet)  containing  scattered  glacial  boulders,  and  non- 
marine  beds  with  numerous  important  coal  beds  with  a  total  thickness  up  to  6,200  feet. 

Highly  fossiliferous  marine  Permian  beds  have  been  found  in  the  East  Indies. 
The  island  of  Timor,  south  of  Sumatra,  has  furnished  a  succession  of  fossils  that  aids 
in  establishing  the  correlation  of  zones  in  the  marine  Permian  of  the  world. 

Africa. — The  Permian  of  South  Africa  is  one  of  the  very  important  occurrences  of 
deposits  of  this  age.  It  constitutes  the  lower  part  of  the  Karroo  system,  which  covers 
200,000  square  miles  and  attains  a  maximum  total  thickness  of  about  22,000  feet. 
The  upper  Karroo  beds,  which  are  included  in  this  thickness,  are  of  Early  Mesozoic 
age.  The  beds  are  chiefly  of  river  and  lake  origin  but  at  the  base  is  a  widespread,  thick 
glacial  aeries  (Dwyka)  which  rests  on  scratched  and  grooved  bedrock.  The  direction 
of  ice  movement  was  from  north  to  south,  away  from  the  Equator,  and  the  glacial 
beds  occur  within  22  degrees  of  the  Equator.  Another  reason  for  interest  in  the 
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South  African  Permian  deposits  is  the  occurrence  of  numerous  strange  land  animals, 
mostly  reptiles,  in  some  of  the  beds. 

South  America.  —  Glacial  beds  of  Permian  age  have  been  found  in  Brazil,  Bolivia, 
Argentine,  and  the  Falkland  Islands,  showing  a  range  in  latitude  from  18  to  52  South. 
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An  outline  of  the  significant  features  in  the  history  of  the  Permian 
period,  based  on  study  of  the  rock  formations  of  this  age  that  have  been 
described,  may  be  arranged  according  to  various  subjects  of  special  inter- 
est rather  than  chronological  sequence.  This  is  desirable  both  because 
very  diverse  conditions  existed  simultaneously  in  different  areas  and 
because  precise  correlation  of  the  geologic  record  in  the  various  Permian 
sections  is  not  yet  possible.  We  shall  consider,  then,  (1)  the  general 
geographic  conditions  in  North  America  at  the  beginning  of  Permian 
time,  (2)  the  record  of  marine  sedimentation,  including  the  normal  and 
saline  basin  types,  (3)  the  red-beds  continental  deposition,  (4)  mountain- 
building,  and  (5)  glaciation. 


MW 


Fio.  183. — Diagrammatic  section  showing  the  structural  relations  of  the  west  Texas 
Permian  formations  to  associated  Pennsylvanian  and  Lower  Cretaceous  formations. 
(P.  B.  King,  Texas  Bur.  Economic  Geol.) 

Conditions  at  the  Beginning,  of  the  Period. — The  conformable 
sequence  of  Early  Permian  marine  and  nonmarine  beds  on  uppermost 
Pennsylvanian  formations  shows  that  initial  Permian  geography  was  a 
continuation,  without  change,  of  that  of  the  latest  Pennsylvanian. 
There  were  uplands  along  the  eastern  and  southeastern  borders  of  the 
continent  (Appalachia  and  Llanoria)  which  supplied  sands,  silts,  and 
clays  to  the  interior  continental  basin.  The  topography  of  this  interior 
region  was  featureless  and  almost  perfectly  flat.  Very  gently  graded 
alluvial  plains,  on  which  were  occasional  shallow  lakes  and  coal  swamps, 
covered  a  large  area  adjacent  to  the  border  old-Jands,  and  in  the  Mid- 
Continent  region  was  a  broad  shallow  sea  that  joined  southwestward 
with  oceanic  waters.  The  sea  oscillated  somewhat  as  it  had  done  in  the 
Pennsylvanian,  alternately  advancing  and  retreating  considerable  dis- 
tances in  the  nearly  flat-bottomed  basin.  Temporarily  it  even  reached 
eastward  to  West  Virginia  in  very  early  Permian  time  but  it  was  mostly 
restricted  to  Kansas  and  southward. 

Mountain  ranges  formed  during  Pennsylvanian  time  existed  at  the 
beginning  of  the  Permian  in  the  Appalachian  region,  in  the  Ouachita- 
Wichita  trough  extending  from  Arkansas  to  the  Texas  Panhandle,  in 
southwestern  Texas,  and  in  the  central  New  Mexico-Colorado  region. 
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Adjacent  to  these  mountainous  areas,  streams  deposited  gravel,  sand, 
and  finer  detritus.  There  were  evidently  considerable  upland  and  basin 
areas  in  the  western  part  of  the  continent  at  this  time,  large  quantities 
of  sediment  being  formed  by  erosion  and  deposited  by  streams  under 
conditions  favoring  the  thorough  oxidation  of  iron  compounds  which 
produces  red  colors. 
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FIG.  184. — Section  in  west  Texas  showing  Permian  limestone  resting  on  Silurian  (Fuesel- 
man  limestone),  Ordovician  (Montoya  and  El  Paso  limestone),  Cambrian  (Van  Horn 
sandstone),  and  Proterozoio  (Millican  sandstone)  rocks.  (From  International  Congress 
Guidebook  13.  By  P.  B.  King.} 

Marine  Sedimentation. — In  Early  Permian  time  a  shallow  sea 
extended  over  most  of  the  Mid-Continent  region  except  the  southern 
Oklahoma  area.  Fossiliferous  thin  limestones  and  shales  accumulated 
to  a  thickness  of  several  hundreds  of  feet  in  the  submerged  region. 
Gradually  the  size  of  the  basin  was  reduced,  especially  in  the  north, 


Fia.  185. — Escarpment  of  Permian  limestone  and  red  beds  in  \>w  Mexico.     Chupadera 
formation  southeast  of  Engle.      (N.  //.  Darton,  V.  *Sf.  Gcol.  Survey.) 

and  the  waters  became  more  and  more  concentrated,  until  gypsum  and 
salt  in  large  quantities  were  precipitated.  Probable  chief  factors  in 
the  dwindling  of  this  marine  area  were  crust  al  warping  and  the  infilling 
of  the  basin  by  sediments;  although  evaporation  would  be  effective  in 
increasing  salinity,  it  would  not  alone  cause  reduction  in  water  area  so 
Jong  as  connection  with  neighboring  seaways  was  maintained. 
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That  the  area  occupied  at  least  temporarily  by  Early  Permian  seas 
was  very  much  greater  than  that  of  existing  marine  deposits  of  this  age 
is  certain.  The  presence  of  marine  fossils  in  the  northern  Appalachian 
Permian  rocks  means  that  the  Mid-Continent  sea  extended  to  this  eastern 
area,  for  mountainous  areas  cut  off  the  sea  that  lay  far  to  the  east  and 
south.  Furthermore,  the  Late  Pennsylvanian  Mid-Continent  sea 
advanced  to  the  Appalachian  district  several  times,  and  Early  Permian 
conditions  were  a  continuation  of  those  of  the  preceding  period. 


FIG.    186. — Cliffs   of   Permian   sandstone   in    Monument    Canyon,    northeastern    Arizona. 
(/.  K.  Hitters,  U.  ,S.  (,W.  NK/WJ/.) 

In  Early  Permian  time,  but  not  at  the  beginning  of  this  period,  there 
was  an  extensive  sea  in  the  Western  Interior  region,  for  limestones  and 
other  rocks  with  numerous  marine  fossils  are  widespread  here.  The 
occurrence  of  greatest  thickness  of  limestone  to  the  southwest  of  the 
Grand  Canyon  region  in  Arizona,  and  the  decreasing  quantity  of  sandy 
and  silty  sediments  in  this  direction,  suggest  that  this  part  of  the  sea 
was  far  from  land,  and  it  is  likely  that  connection  with  the  Pacific  lay 
in  this  direction.  Post-Permian  erosion  has  removed  marine  deposits 
that  may  once  have  been  present  in  south  western  Arizona  and  southern 
California. 

Continental  Deposition. — The  formation  of  red  beds  on  an  almost 
unprecedented  scale  is  an  outstanding  feature  of  Permian  history. 
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Deposits  of  this  type  are  found  in  almost  every  Permian  area  and  in*  some 
they  compose  all  of  the  Permian  section,  the  thickness  of  beds  amounting 
to  several  thousand  feet.  Like  most  red  beds,  the  Permian  formations 
of  this  type  are  characterized  by  irregularity  of  bedding,  heterogeneous 
lithology,  and  general  sparsity  of  fossils.  Poorly  preserved  land  plants 
are  found  in  places  and  the  presence  of  land  animals  is  indicated  by 
footprints  and  in  some  localities  by  skeletal  remains.  The  red  beds  may 
then  be  interpreted  as  land  deposits,  mostly  made  by  streams,  but  in 
part,  perhaps,  laid  down  in  shallow  lakes.  If  this  is  correct,  we  may 
picture  in  the  Permian  landscape  innumerable  stream-built  plains  with 
gentle  slopes  leading  from  uplands  toward  basins  in  which  periodic 
shallow  lakes  appeared.  The  climatic  factors  that  are  responsible  for 
the  prevailing  red  color  are  in  dispute,  for  it  is  held  by  some  that  they 
denote  strong  aridity,  by  others  alternate  wetting  and  drying  in  a  semi- 
arid  to  moderately  humid  climate,  and  it  is  known  that  red  color  of 
sediment  may  be  produced  in  very  moist  tropical  conditions.  The 
association  of  red  beds  with  salt  and  gypsum  in  the  Permian  formations 
is  certainly  suggestive  of  warm,  dry  climate.  The  evidence  of  plants  and 
to  some  extent  of  animals  accords  with  this  view. 

Mountain-building. — The  latter  part  of  Paleozoic  time  is  especially 
characterized  by  mountain-building  in  many  parts  of  the  world  and  it 
is  believed  that  the  crust-deforming  forces  culminated  during  Permian 
time.  Conclusive  proof  of  the  exact  time  of  major  folding  and  faulting 
of  the  rocks  is  often  lacking,  however.  We  may  recall  the  simple,  almost 
obvious  deduction  as  to  the  geologic  date  of  a  deformative  crustal  move- 
ment: that  the  time  of  disturbance  must  have  followed  the  making  of 
the  youngest  rock  strata  that  are  involved  in  the  deformation  and  must 
have  preceded  the  making  of  the  oldest  subsequent  strata  that  are  not 
involved  in  the  deformation.  For  example,  the  time  of  certain  mountain- 
building  in  southern  Oklahoma  is  rather  precisely  established  by  the 
observation  that  beds  of  the  Pennsylvanian  Missouri  series  are  strongly 
folded  and  that  beds  of  the  next  younger  Virgil  series,  also  Pennsylvanian, 
rest  without  disturbance  on  the  upturned  and  eroded  older  rocks.  The 
deformation  thus  occurred  in  late  Missouri  or  early  Virgil  time,  and  it  is 
definitely  and  somewhat  narrowly  dated  within  the  Pennsylvanian.  Let 
us  examine  the  evidence  concerning  Permian  mountain-building  in 
North  America. 

The  Paleozoic  rocks  of  the  Appalachian  Mountain  region,  extending 
from  Newfoundland  to  Alabama,  are  strongly  folded.  In  many  places 
there  are  profound  thrust  faults  and  in  some  districts  the  rocks  are 
considerably  metamorphosed.  There  are  large  masses  of  intrusive 
igneous  rocks,  mostly  granites,  that  intersect  Paleozoic  (Pennsylvanian) 
and  older  rocks.  The  deformative  pressure  was  exerted  from  the  east 
or  southeast,  that  is,  from  the  Atlantic  oceanic  segment  toward  the 
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continent.  The  evidence  of  this  lien  in  the  structural  attitude  of  the  rocks 
which  show  overturning  and  dislocation  along  faults  toward  the  north- 
west, and  also  in  the  fact  that  the  degree  of  disturbance  increases  pro- 
gressively toward  the  southeast.  In  the  main  Appalachian  district  south 
of  New  England,  the  Pennsylvanian  beds  are  mostly,  and  the  Permian 
wholly,  confined  to  the  western,  less  disturbed,  portion  of  the  mountain 
belt,  although  originally  they  may  have  extended  much  farther  to  the 
east.  The  fact  that  the  Pennsylvanian  is  involved  in  strong  folding,  and 
that  in  New  England  and  eastern  Canada  it  is  metamorphosed  and 
intruded  by  granitic  rocks,  shows  plainly  that  great  compressive  move- 
ments occurred  subsequent  to  the  making  of  these  sedimentary  rocks. 
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FIG.  187. — Block  diagram  of  a  portion  of  the  Appalachian  Mountains  near  Roanoke, 
southwestern  Virginia,  showing  overthrust  masses  of  Paleozoic  and  pre-Cambrian  rocks. 
The  fault  planes  have  been  deformed  so  that  erosion  has  produced  "windows"  showing 
rocks  beneath  the  fault  plane  surrounded  by  rocks  of  the  overthrust  mass.  The  folding  und 
faulting  are  clearly  post-Devonian  and  may  be  as  late  as  Permian.  (Data  from  Woodward. 
Virginia  Geol .  Survey.)* 

The  highly  deformed  Pennsylvanian  is  largely,  if  not  altogether,  Lower 
Pennsylvanian,  however,  and  it  is  accordingly  possible  that  the  folding 
occurred  during  Pennsylvanian  time.  It  is  now  established  that  steep 
folding  and  large  overthrust-faulting  occurred  in  the  Virginia  Appa- 
lachians in  Early  Pennsylvanian  time.  Late  Pennsylvanian  beds  are 
folded  in  central  Pennsylvania  but  in  the  western  part  of  the  state  both 
Permian  and  Pennsylvanian  are  practically  horizontal.  This  does  not 
mean  that  folding  occurred  after  the  Late  Pennsylvanian  and  before  the 
Permian,  but  merely  that  the  remnant  Permian  of  this  region  lies  west  of 
the  disturbed  belt.  The  Permian  once  extended  much  farther  east,  and 
the  fact  that  it  closely  resembles  the  Upper  Pennsylvanian  and  lies 
conformably  upon  it  suggests  that  the  deformation  of  the  Upper  Pennsyl- 
vanian occurred  some  time  subsequent  to  the  making  of  the  Lower 
Permian,  even  though  the  latter  is  not  disturbed. 

Rocks  identified  as  Permian  are  steeply  folded  and  faulted  in  Nova 
Scotia,  New  Brunswick,  and  Prince  Edward  Island.  Therefore,  the 
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northern  Appalachians  at  least  underwent  mountain-building  deforma- 
tion during  or  after  Permian  time.  In  this  region  and  southward  to 
Virginia,  the  folded  and  deeply  eroded  Paleozoic  rocks  are  unconformably 
overlaid  by  Late  Triassic  formations.  The  time  of  folding  is  thus  estab- 
lished as  having  occurred  before — probably  considerably  before — the 
Late  Triassic. 

Summarizing,  we  may  say  that  the  great  Appalachian  mountain 
chain  was  formed  by  a  number  of  Late  Paleozoic  deformations,  some 
of  which,  possibly  but  not  certainly  including  the  culminating  move- 
ment, occurred  in  Permian  time.  There  have  been  normal  faulting  and 
some  warping  in  the  Appalachian  region  in  post-Paleozoic  time  but  no 
folding  or  thrust-faulting  like  that  which  produced  the  complex  structure 
of  the  mountain  belt  has  occurred  since  Permian  times.  The  described 
conditions  in  the  Appalachian  area  apply  also  to  the  mountains  of  south 
central  Arkansas,  southern  Oklahoma,  and  western  Texas,  except  that 
most  of  the  major  folding  can  here  be-  shown  to  have  occurred  in  Penn- 
sylvanian  time. 

One  important  generalization  concerning  the  mountain-building  of 
Late  Paleozoic  time  is  the  relation  of  the  folded  belts  to  geosynclinal 
troughs.  The  Appalachian  geosyncline  was  the  site  of  very  thick 
sedimentation  during  the  Paleozoic  era,  the  total  thickness  of  stratified 
formations  exceeding  40,000  feet  in  some  places.  The  crystalline  floor 
of  the  geosyncline  sagged  more  and  more  deeply  as  the  sedimentary 
deposits  accumulated.  When  great  horizontal  compressive  forces  were 
applied,  this  was  a  weak  belt  in  the  earth  crust  which  accordingly  yielded, 
the  stratified  rocks  being  folded,  faulted,  and  locally  metamorphosed. 
Accompanying  the  readjustment  were  igneous  intrusions.  It  is  observed 
that  development  of  a  geosyncline  has  been  almost  invariably  followed 
ultimately  in  geologic  history  by  elevation  of  the  geosynclinal  tract  to 
form  a  mountain  chain. 

Mountains  were  formed  in  other  continents  near  the  close  of  the 
Paleozoic  era.  The  so-called  Paleozoic  Alps  of  Europe,  trending  east- 
ward across  the  central  part  of  the  continent,  were  mainly  built  in 
Carboniferous  time,  but  there  were  movements  also  during  the  Permian. 
Similarly,  there  are  important  Late  Paleozoic  mountains  in  Asia,  Australia, 
and  South  America. 

Glaciation. — Continental  glaciation  on  a  large  scale,  affecting  espe- 
cially the  Southern  Hemisphere,  is  an  outstanding  event  of  Permian  time. 
The  distribution  and  general  nature  of  the  glacial  deposits  have  been 
described.  The  great  thickness  of  the  drift  in  some  places  and  the 
occurrence  of  glacial  materials  at  several  horizons,  distributed  through 
thousands  of  feet  of  continental  and  marine  strata  in  some  localities, 
indicate  that  the  magnitude  of  the  Permian  glaciation  considerably 
exceeds  that  of  the  last  Ice  Age  in  Pleistocene  time. 
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The  occurrence  of  glaciation  is  associated  with  the  general  elevation 
of  the  continental  areas  and  the  uplift  of  mountain  belts  in  various  parts 
of  the  world.  It  is  difficult  to  explain,  however,  why  the  great  glaciers 
were  formed  almost  wholly  in  the  Southern  Hemisphere  and  in  some 
cases  so  near  the  Equator,  the  direction  of  ice  movement  being  away 
from  the  Equator  in  India  and  South  Africa.  Probably  a  main  factor 
in  the  introduction  of  glaciation  is  a  change  of  atmospheric  and  oceanic 
circulation,  accompanied  bv  tenmerature  and  Drecinitation  chancres,  all 


Fi«.  188. — Rock  surface  grooved  and  striated  by  a  Permian  ice  sheet.  In  the  back- 
ground is  tillite  lying  upon  the  glaciated  surface.  Inman  Valley,  South  Australia.  (R.  T. 
Chamberlin,  in  Chamberlin  and  Salisbury's  Historical  Owlngy,  H<  «/•//  Holt  &  Company.) 

of  which  is  dependent  on  the  configuration  and  topographic  character 
of  the  continental  areas.  It  is  significant  that  times  of  important 
glaciation  are  geologically  associated  with  a  strongly  emergent  condition 
of  the  continents  and  prominence  of  mountain-building.  The  causes  of 
glaciation  are  discussed  more  at  length  in  the  chapter  on  the  history  of 
Quaternary  time. 

Gondwana  and  Tethys. — An  interesting  subject  connected  with  the 
history  of  Permian  time,  and  also  of  near-by  geologic  periods,  is  the 
possibly  very  different  configuration  of  continental  and  marine  areas 
of  these  times  as  compared  with  the  present. 

Gondwana  is  a  hypothetical  land  mass  of  vast  extent  that  is  thought 
to  have  reached  from  Brazil  across  the  Atlantic,  Africa,  the  northern 
Indian  Ocean,  India,  and  Australia.  Chief  reasons  for  the  assumed 
existence  of  such  a  nival  tr;ms\ersr  continent  are  the  observed  distribu- 
tion of  Permian  plants  ((/V.<M\so/>/<r/,v  or  (ianyumoptt'rix  Horn)  and  land 
animals  in  South  America,  Africa,  India,  and  Australia,  and  the  distribu- 
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tion  of  marine  fossil  faunas.  The  occurrence  of  the  same  or  very  closely 
related  species  of  land  life  in  different  parts  of  Gondwana  has  been 
considered  to  require  a  continuity  of  land,  and  such  a  continuous  land 
area  would  serve  as  a  barrier  to  intermigration  of  southern  and  northern 
marine  life.  Opposed  to  the  existence  of  hypothetical  Gondwana — 
at  any  rate  if  it  is  thought  to  have  occupied  a  large  part  of  the  northern 
Indian  Ocean — is  the  strong  evidence  of  permanence  of  the  continental 
and  oceanic  areas.  It  is  possible  that  connection  of  South  America, 
Africa,  and  Australia  by  way  of  Antarctica  might  explain  peculiarities 

of  distribution  of  land  life  in^Permian 
Xu''--'''^''^'        ''~^ ';,"  ' '    ''    ,    '       ''''*    time. 

Tethys  is  the  name  applied  to  the 
persistent  seaway  that  in  much  of 
geologic  history  extended  eastward 
from  the  Mediterranean  across  southern 
Asia  to  the  Pacific.  Important  Per- 

ri  '  1 1  ~     19fBBH^Blf  L        J 

i  mian   marine  deposits   were  made  in 

Tethys. 

ECONOMIC  PRODUCTS 

The  chief  economic  products  of  Permian 
rocks  are  oil,  gas,  salt,  gypsum,  potash,  coal, 
phosphate,  and  copper.  The  great  oiljieldsof 
^esl  Texas  derive  their  production  almost 
wholly  from  Permian  beds.  Huge  quantities 
of  natural  gas,  comprising  the  largest  present 
known  reserve  of  this  fuel  on  the  continent  and 
a  mounting  to  upward  of  20  trillion  cubic  feet, 
occur  in  Permian  rocks  of  the  Panhandle  of 
Te\as  near  Amarillo  and  in  the  Hugoton 

T?       10,.      „.      AT   ,  T,  ™  field    of    southwestern    Kansas    and    north- 

Fio.   ISO.      The  Mid-Kansas  Trans-  r_.  .          .         ,    ,  . 

continental  Yati-a  A  30  well  in  the  Yates  western  Oklahoma.  The  saU  deposits  of  this 
pool,  west  Texas,  flowing  a  10-in.  stream  ag«  occur  chiefly  in  Kansas,  Oklahoma,  Texas, 

and  New  Mexico  of  the  United  States,  and  in 
central  Europe.     They  greatly  exceed  those  of 
barrels  an  hour,  indicating  a  potential  yield   Any    other    geologic   period,    their   aggregate 

of  204,680  barrels  a  day.      (Hennen  and  Met-  .•*       i     •  j    •      ,  •„•  f  A 

calf,  Bull.  Am.  A*8oc.  Petroleum  Geologists.)       quantity  being  measured  in  billion?  of  tons. 

(rijpsum  beds  of  Permian  age  are  Quarried 

in  Iowa,  Kansas,  Oklahoma,  Texas,  New  Mexico,  Colorado,  and  Houth  Dakota. 
Potash  salts  ha\<«  long  been  mined  in  CJermany  and  have  recently  been  found  in 
commercial  quanf  it  ies  in  Texas  an<l  New  Mexico.  Coal  beds  occur  in  the  Permian 
of  all  continents  and  a  re  commercially  important  in  some;  they  do  not  begin  to 
match  the  coal  deposits  of  Pennsylvaniaii  age,  however.  Cfilcinni  jthoxphate,  valuable 
as  a  fertilizer,  is  widespread  in  part  of  the  western  United  States,  including  espe- 
cially Utah,  Wyoming,  and  Idaho.  Copper  occurs  in  a  thin  shale  at  the  base  of  the 
Upper  Permian  of  central  Europe. 

SUMMARY 

The  Permian  period  marks  a  critical,  transitional  time  in  earth  history, 
for  it  brines  the  Paleozoic  era  to  a  close  and  leads  to  the  greatly  changed 


of  oil  about  200  feet  high. 

The  oil  comes  from  Permian  limestone  at  a 
depth  of   1,070  feet.      The  well   flowed  8,528 
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conditions  of  the  Mesozoic  era.  It  wan  H  time  of  general  continental 
elevation  and  restricted  seas.  Mountains  were  formed  or  were  in  exist- 
ence in  all  of  the  continents.  Glaciation  and  in  many  places  arid  or 
semiarid  climate  are  noteworthy.  Physical  changes  induced  a  rapid 
evolution  of  plant  and  animal  life  that  resulted  in  the  extinction  of  many 
ancient  stocks  and  the  development  of  new  lines  that  became  dominant 
in  later  time.  The  name  Permian  is  derived  from  northeastern  Russia 
where  rocks  of  this  age  are  especially  well  developed. 

North  America  contains  extensive  Permian  deposits.  (1)  East  of 
the  Mississippi  there  is  an  area  (Dunkard)  in  the  northern  Appalachians 
where  a  remnant  of  reddish,  mostly  continental,  sandy  beds  covers  parts 
of  West  Virginia,  Ohio,  and  Pennsylvania.  Other  Permian  areas  occur  in 
eastern  Canada.  (2)  The  Mid-Continent  region  contains  considerable 
areas  of  normal  marine  Permian  beds  consisting  mostly  of  limestone 
and  shale  with  many  fossils.  These  are  found  especially  in  Kansas  and 
northern  Texas.  Deposits  of  saline  basins,  consisting  especially  of  salt 
and  gypsum  and  of  red  beds,  occur  above  the  normal  marine  beds. 
Laterally,  also,  these  formations  grade  into  red  beds  that  are  especially 
well  developed  in  the  Oklahoma  region.  Western  Texas  and  eastern 
New  Mexico  contain  fossiliferous  marine  limestone  and  dolomite  beds 
several  thousands  of  feet  thick.  Toward  the  basin  that  occupies  much 
of  the  Texas  Panhandle  these  beds  grade  into  thick  saline  deposits 
consisting  mainly  of  salt,  anhydrite,  gypsum,  and  dolomite.  (3)  The 
western  part  of  the  continent  contains  widespread  red  beds  of  Permian 
age,  in  places  up  to  10,000  feet  thick,  and  also  marine  formations  including 
thick  limestone  in  Arizona,  and  phosphate-bearing  strata  in  Utah, 
Wyoming,  and  Idaho.  Complexly  folded  volcanic  rocks  occur  in  Oregon. 

Europe  contains  a  thick  section  of  fossiliferous  marine  Permian  rocks 
in  Russia,  and  in  Germany  there  is  a  twofold  development  consisting 
mainly  of  continental  red  beds  and  saline  basin  series  that  grade  laterally 
into  the  marine  deposits.  India,  Australia,  South  Africa,  and  South 
America  contain  extensive  Permian  deposits  that  include  thick  and 
widespread  glacial  drift. 

Chief  features  in  the  history  of  Permian  time  are  (1)  the  continuation 
of  Late  Pennsylvanian  conditions  with  no  essential  change  in  very  much 
of  North  America  and  some  other  regions;  (2)  the  existence  of  a  shallow 
sea  in  the  Mid-Continent  region  in  Early  Permian  time  and  the  temporary 
extension  of  this  sea  eastward  to  the  Appalachian  area;  (3)  the  partial 
inclosure  and  desiccation  of  the  Mid-Continent  sea,  producing  large 
saline  deposits;  (4)  the  deposition  by  streams  and  in  shallow  lakes  of  red 
beds  over  a  great  part  of  the  Mid-Continent  and  western  states;  (5) 
invasion  of  a  large  territory  in  the  western  part  of  the  continent  by  a  sea 
from  the  Pacific;  (6)  mountain-building,  chiefly  in  the  Appalachian 
region  in  North  America,  affecting  parts  of  each  of  the  continents;  and 
(7)  glaciation  on  a  large  scale,  especially  in  the  Southern  Hemisphere. 


CHAPTER  XX 

LIFE  OF  LATE  PALEOZOIC  TIME 
LATE  PALEOZOIC  ANIMAL  LIFE— THE  AGE  OF  FISHES  AND  AMPHIBIANS 

General  Character. — The  animals  that  existed  during  the  later  part 
of  Paleozoic  time,  considered  together,  are  not  strikingly  different  from 
those  of  the  earlier  part  of  this  era.  Naturally  there  were  many  changes, 
a  decline  of  some  groups  and  an  advance  of  others,  but  practically  all 
orders  of  Early  Paleozoic  organisms  persisted.  There  is,  accordingly, 
a  certain  unity  to  the  character  of  life  belonging  to  the  era.  In  later 
Paleozoic,  as  in  earlier  times,  invertebrates  were  strongly  dominant  and, 
although  their  number  was  not  greater  than  in  subsequent  eras,  the 
Paleozoic  era  is  well  designated  the  "  Age  of  Invertebrates." 

The  main  development  of  Devonian  and  later  periods  is  seen  in  the 
rise  of  the  fishes  and  the  beginning  of  amphibians  and  reptiles.  The 
Devonian  is  sometimes  called  the  "Age  of  Fishes "  because  a  variety 
of  fishes,  including  many  kinds  of  sharks,  enamel-scaled  fishes  and 
lungfishes,  is  first  known  from  this  period.  There  was  no  decline  of 
fishes  in  Mississippian  and  Pennsylvanian  times,  but,  as  they  yielded  the 
center  of  the  stage  to  amphibians  and  reptiles,  these  latter  give  special 
character  to  the  post-Devonian  part  of  the  Paleozoic  era.  The  distinc- 
tive features  of  the  different  kinds  of  life  will  be  reviewed  briefly. 

Protozoans 

Protozoans  are  first  important  as  an  element  in  later  Paleozoic  fossil  faunas  in 
Pennsylvanian  time  when  the  "wheat-grain"  shells  termed  fusulinids  occurred  in  such 
vast  numbers  that  they  form  a  considerable  part  of  many  rock  layers.  Other  kinds 
of  protozoans  are  present  also.  It  is  true  that  shells  of  this  class  are  known  in 
Devonian  and  Mississippian  rocks  but  only  one  species  (Endothyra  baileyi)  in  parts  of 
the  latter  need  be  mentioned  as  very  common  locally.  It  consists  of  a  flat  spiral  coil 
of  tiny,  subglobular  chambers. 

Fusulinids. — The  fusulinid  shells  of  Pennsylvanian  and  Permian  time  are  spindle- 
shaped,  some  of  them  long  and  thin,  others  nearly  spheroidal,  and  they,  range  in 
length  along  the  axis  from  J-{6  to  more  than  1  inch,  the  average  being  about  %  inch. 
They  are  distinguished  from  foraminifera  that  have  been  described  previously  by  the 
shape  and  the  much  greater  size  of  the  shell  and  by  their  somewhat  complex  internal 
structure.  The  Early  Pennsylvanian  fusulinids  (Fusulina)  have  mostly  simple,  nearly 
plane  septa  that  divide  each  spiral  turn  of  the  shell  into  chambers;  those  of  Medial  and 
Late  Pennsylvanian  time  (Trititites)  are  distinguished  by  moderately  wrinkled  septa, 
and  some  of  those  of  latest  Pennsylvanian  and  Early  Permian  age  (Pseudofuwdina) 
have  highly  fluted  septa.  In  the  Permian  period,  several  highly  specialized  fusulinid 
genera  appeared.  There  is  thus  a  well-marked  evolution  of  this  stock  during  its 
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existence  which  terminated  before  the  clone  of  Paleozoic  time,  and  most  of  the  very 
many  species  are  valuable  index  fossils.  The  fusulinids  were  bottom-dwelling  fora- 
minifera  but  they  spread  very  widely  over  the  world,  being  abundant  not  only  in 
America  but  throughout  most  of  the  Old  World.  The  foraminifera,  along  with  other 
microfossils,  are  extensively  used  by  paleontologists  as  an  aid  in  identifying  and 
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FIG.  190. — Fusulinids  (Triticiles)  from  Pennsylvania!!  rocks  of  Oklahoma. 


per  specimen  shows  the  average  shape  which  is  expanded  in  the  middle  am 
><  4).  The  bottom  specimen  represents  a  type  that  is  common  in  some  b< 
jid  cross-sections  in  middle  show  internal  structure  (X  5.5). 


middle  and  pointed  toward 
>eds(X4).     Lon- 


correlating  the  Pennsylvania!!  and  Permian  formations  penetrated  by  the  drill  in 
the  Mid-Continent  oil  fields.  It  is  interesting  to  find  numbers  of  perfect,  unmutilated. 
specimens  of  these  delicate  fossils  in  well  cuttings. 


FIG.  191. — Six-rayed  spicules  of  a  Pennsylvania!!  siliceous  sponge  (Hexactinellida)  from 
western  Illinois  (X  5).     (After  J.  M.  Wetter.) 


Sponges 

Sponges  of  several  sorts  are  known  from  each  of  the  later  Paleozoic  periods.  Some 
formations  are  specially  characterized  by  abundance  of  sponge  spicules  or  the  presence 
of  certain  species  of  sponges.  The  massive  stony  types  (lithistids)  are  much  less 
common  than  the  beautiful  and  delicate  glass  sponges  (hexactinellids),  of  which  a 
variety  is  found  in  Devonian  rocks,  or  other  kinds  seen  in  Mississippian  and  younger 
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rocks.     A  glimpse  of  spongr  life  m  Hir  I'pprr  f  )<»\i»ninii  .seas  uf  \vt\stern  Nt»w  York  is 
afforded  in  an  exhibit  at  the  SttHr  Museum  nl  Albany  (Fig.  192). 

Hydrozoans 

The  hydrozoan  class  of  coelenterates  was  represented  in  the  Devonian  and  part  of 
Early  Mississippian  time  by  graptolites  and  stromatoporoids,  neither  of  which  are 
known  later.  *  Of  the  graptolites^  all  but  the  long-lived  and  stratigraphically  unim- 
portant dendroid  group  became  extinct  by  the  close  of  the  Silurian.  Except  for  the 
observation,  well  shown  here  and  in  other  biologic  groups,  that  the  unspecialized 
graptolite  stocks  are  in  general  the  last  to  endure,  this  class  may  be  ignored.  Stroma- 
toporoids, on  the  other  hand,  increased  in  numbers  and  variety,  reaching  in  Devonian 


FIG.  192. — Restoration  of  a  group  of  Late  Devonian  sponges  from  New  York,     Exhibit 
in  the  New  York  State  Museum,  Albany.     (R.  Rurrfrmnnn.) 

time  the  peak  of  their  career.  Some  colonies  were  truly  gigantic  in  size,  forming  ral- 
carcous  deposits  several  feet  thick  and  as  much  as  10  feet  acroxs.  Locally  they  make 
reefs  and  may  be  accounted  important  as  rock  builders.  The  stromatoporoids  dis- 
appeared suddenly,  for  they  are  not  found  in  post- Devonian  beds,  unless  possibly  cer- 
tain Cretaceous  fossils  belong  here. 

Corals 

Devonian  Corals  and  Coral  Reefs. — At  no  time  in  the  Paleozoic  were  horn 
corals  so  numerous  or  varied  as  in  the  Devonian.  They  ranged  in  size  from  less 
than  14  inch  in  length  and  width  to  more  than  2  feet  in  length  and  about  4  inches 
in  width.  Some  of  the  very  common  kinds  (like  Cyathophyllum  and  Heliophyllum) 
had  numerous,  evenly  spaced  septa  without  a  fossular  depression  in  the  calyx;  others 
(such  as  Zaphrentis  and  Aulacophyllu?n)  are  distinguished  by  the  presence  of  well- 
defined  fossulae.  There  are  variously  specialized  forms.  For  example,  one  long- 
ranging  genus  (Amplexus),  which  is  represented  by  several  Devonian  species,  has 
extremely  short  septa  and  very  numerous  horizontal  tabulae;  another  (Cystiphyllum], 
which  appeared  in  the  Silurian  and  died  out  in  the  Late  Devonian,  lacked  distinct 
septa  and  had  almost  all  of  the  space  within  the  outer  wall  filled  by  a  vesicular  growth 
of  dissepiments.  One  of  the  peculiar  and  interesting  horn  corals  is  a  slipper-shaped 
form  (Calceola)  that  is  abundant  in  some  of  the  European  Devonian  strata  but  is 
uncommon  in  this  noun  try. 
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FIG.  193.— Representative  typos  of  Late  Paleozoic  corals  (one-third  natural  sizoj. 
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Compound  corals  were  remarkable  in  their  variety,  beauty,  and  profusion.  Two 
groups  are  distinguishable,  one  with  relatively  large  coral  individuals  that  have  well- 
developed  septa,  and  the  other  (Tabulata)  with  small  corallites  that  lack  distinct  septa 
but  have  numerous  tabulae.  The  first  group  differs  from  the  solitary  or  horn  corals 
only  in  the  colonial  mode  of  growth;  indeed,  there  are  some  genera  that  include  both 
types  of  growth.  The  individuals  in  many  types  of  colonies  are  sufficiently  separated 
to  permit  development  of  the  normal  cylindrical  form  of  each  coral  (Diphyphyllum, 
Cyothophyllum).  There  are  also  many  types  in  which  the  individuals  were  crowded 
so  closely  together  that  the  cross-section  of  each  coral  became  polygonal  (Acervularidj 
Phillipsastrea').  The  tabulate  corals  include  a  variety  of  forms,  among  which  the 
honeycomb  coral  (Favosites)  is  most  common  and  generalljr  known. 

At  many  places  in  the  shallow  inland  seas  the  corals  grew  in  greatest  profusion 
and  were  largely  instrumental  in  building  reefs.  Some  of  these  are  now  seen  in  the 
Devonian  areas  of  southeastern  Wisconsin,  Indiana,  Ohio,  and  Kentucky.  One  of 
these  which  is  famous  because  of  the  beauty  and  variety  of  silicified  fossil  corals  that 
have  been  collected  from  it,  is  located  near  Louisville,  Ky.  The  coral  reef  which  was 
encountered  by  the  river  in  establishing  its  course  is  harder  than  the  rocks  adjacent 
and  accordingly  formed  an  obstruction  at  this  point,  which  is  known  as  the  "Falls  of 
the  Ohio." 

Mississippian  Corals. — The  Mississippian  and  later  Paleozoic  formations  do  not 
contain  nearly  so  many  kinds  of  corals  nor,  in  general,  such  numbers  of  specimens  as 
the  Devonian,  yet  there  are  several  species  and  some  genera  that  are  restricted  to  this 
part  of  the  geologic  column.  **  Among  horn  corals,  species  of  Zaphrentis  were  most 
common.  The  compound  types  were  represented  among  others  by  Mickelinia,  some- 
what like  the  honeycomb  Favosites  but  coarser;  the  many-tubed  coral  Syringopora 
and  the  shorter-tubed,  more  recumbent  growths  of  Monilopora;  and  the  moderately 
large,  cylindrical  or  prismoidal  corallites  of  Lithostrotion,  which  is  an  important  index 
fossil  of  the  St.  Louis  limestone. 

Pennsylvaniaa  and  Permian  Corals. — Pennsylvanian  corals  are  about  as  common 
as  those  of  the  Mississippian  rocks  but  the  species  and  most  of  the  genera  are  different, 
horn  corals  being  more  numerous  and  widely  distributed  than  the  colonial  kinds. 
The  genera  that  may  be  specially  mentioned  are  Lophophyllum,  somewhat  like  Zaphren- 
tis but  with  a  prominent  central  axis  (columella)  that  in  most  specimens  forms  a  spike- 
like  projection  in  the  center  of  the  calyx;  Campophyllum,  which  is  1  to  2  inches  across 
and  in  some  cases  nearly  12  inches  in  length  and  which  occurs  in  such  abundance  at 
some  zones  as  to  make  up  most  of  the  stone;  and  Chavtetes,  which  is  distinguished  by 
the  very  minute  size  of  the  closely  packed  tubes  and  by  the  massive  growth  of  the 
colonies,  which  may  be  more  than  3  feet  in  diameter. 

The  Permian  is  noteworthy  because  of  the  nearly  complete  absence  of  corals. 
The  Paleozoic  coral  stocks  were  on  the  decline,  for  practically  all  of  them  disappeared 
before  the  close  of  the  era. 

Crinoids 

There  are  four  main  groups  or  orders  of  crinoids,  and  of  this  number 
three  (Inadunata,  Flexibilia,  Camerata)  are  restricted  to  Paleozoic 
time!  excepting  only  a  single  genus  that  survived  into  the  Triassic. 
The  fourth  order  did  not  appear  until  the  beginning  of  the  Mesozoic. 
Some  of  the  crinoids  were  extraordinarily  abundant  in  the  older  Paleozoic, 
but  the  maximum  development  is  clearly  seen  in  the  later  part  of  the  era, 
especially  the  Mississippian  period. 
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Inadunate  Crinoids. — The  inadunate  crinoids  include  the  simpler 
and  in  general  smaller  types  in  which  there  are  only  two  or  three  circlets 
of  plates  in  the  calyx  below  the  arm  bases.  The  plates  are  mostly  smooth 
and  unornamented.  The  arm  structures  are  relatively  simple  in  that 
each  branch  consists  of  a  single  series  of  small  plates  f  some  genera  have 
lateral  branchlets  (pinnules),  while  others  lack  them. 

This  generalized  and  conservative  crinoid  stock  is  very  well  represented  in  the 
Devonian  and  Mississippian  faunas  but  it  was  overshadowed  by  the  profusion  of 
camerate  crinoids.  Some  of  the  Mississippian  inadunates  were  larger  than  average 
and  had  unusually  heavy,  thick  plates.  A  few  genera  became  specialized  in  the  loss 
of  stem  during  adult  life.  Edriocrinus,  of  Early  Devonian  time,  belonging  in  this 
group,  had  very  broad,  strong-looking  arms  and  is  believed  by  some  to  have  used  them 


FIQ.  194. — Crinoids  on  slabs  of  Mississippian  limestone.  These  specimens  show  the 
calyx  with  attached  arms  and  the  stem  by  which  they  were  fastened  to  the  sea  bottom. 
(U.  8.  National  Museum.) 

in  crawling  about,  much  like  a  starfish  (Fig.  195).  A  very  graceful  free-swimming 
type  with  10  feathery  arms  is  Agassizocrinus  of  the  Late  Mississippian  seas  when 
inadunates  became  the  sole  surviving  type  of  crinoids. 

Abundance  of  crinoid  stems  and  plates  in  many  of  the  ^ennsylvanian  marine 
strata  of  the  Continental  Interior  shows  that  the  race  was  by  no  means  exhausted,  but 
the  number  of  known  species  is  greatly  inferior  to  that  of  the  Mississippian.  A  hun- 
dred or  more  complete  crinoid  " heads"  have  been  collected  in  an  hour  from  a  locality 
in  the  Pennsylvanian  rocks  of  eastern  Kansas,  and  these  fossils  arc  unusually  abundant 
in  a  few  other  places.  We  are  reminded  that  the  ancient  crindids,  like  those  of  today, 
were  rather  gregarious  in  their  habits,  and  the  conditions  of  local  sedimentation  were 
undoubtedly  very  important,  also,  in  determining  the  number  and  the  perfection  of 
preservation  of  these  delicate  creatures.  A  certain  calcareous  shale  bed  (Lane)  at 
Kansas  City,  Mo.,  has  yielded  many  remarkably  fine  crinoid  specimens  with  arms 
and  stem  attached,  most  of  the  collections  being  made  in  down-town  building-site 
excavations.  For  a  time  in  the  Pennsylvanian  period  this  was  a  quiet  spot  in  the 
sea  where  crinoids  settled  peacefully  in  the  soft  muds  for  their  long  sleep,  to  awaken 
in  the  clamor  of  building  a  city. 
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IVnniiin  cnnoids  air  rare.      An  unusually  interesting  assemblage  of  these  fossils 
has,  however,  been  described  from  Permian  rocks  in  the  East  Indies  (Timor). 

Camerate  Crinoids. — Probably  the  most  specialized  and  certainly 
the  most  abundant  crinoid  class  in  later  Paleozoic  time  was  the  camerate 


FIG.  195. — Representative  types  of  Late  Paleozoic  crinoids  (one-half  natural  size). 

or  "box"  crinoid.  This  type  is  distinguished  by  the  proportionately 
large  calyx  that  includes  a  part  of  the  arm  series  rigidly  united  with 
other  plates. 

Camerate  crinoids  are  first  known  in  Ordovician  deposits  and  they  are  important 
in  the  Silurian.  During;  Devonian  time  there  was  relative  increase  and  specializa- 
tion of  certain  lines,  but  in  the  Early  Mississippian  epoch  an  almost  explosive  expan- 
sion of  the  camerates  made  them  the  outstanding  element  in  marine  invertebrate  life. 
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At  this  time  the  shallow  seas  of  the  central  Mississippi  Valley  were  a  vast  "sea-lily" 
garden,  the  remains  of  crinoid  skeletons  serving  to  compose  the  larger  part  of  lime- 
stone strata  200  to  500  feet  thick  and  covering  tens  of  thousands  of  square  miles. 
More  than  four  hundred  different  species  have  been  described  from  this  region.  Some 
had  small,  delicate  plates  and  very  slender,  feathery  arms;  others  had  a  large  calyx 
composed  of  thick  heavy  plates  and  were  variously  ornamented  with  knobs  and  spines. 
A  variety  of  specialized  forms  is  seen.  Agaricocrinus  shows  a  strongly  concave  base 
and  prominently  elevated  upper  surface;  Strotocrinus  has  an  umbrella-like  expansion 
of  the  calyx,  at  the  arm  bases;  Dorycrinus  bears  hornlike  spines;  Pterotocrinus  is  dis- 
tinguished by  large,  solid  calcareous  "wing  plates"  on  the  top;  and  several  genera  have 
very  tall,  upward-reaching  anal  tubes.  Advanced  evolution  is  indicated  in  several 
types  by  reduction  in  the  number  of  plates  in  the  basal  series,  the  normnl  number, 
five,  being  reduced  to  three  or  even  two.  The  genus  Plalycrinus,  which  \\  as  very 
abundant  in  the  Early  Mississippian,  had  elliptical  stem  segments  and  the  stnn  was 
twisted. 

From  the  standpoint  of  usefulness  of  these  fossils  in  identification  of  the  strati- 
graphic  divisions  in  which  they  occur,  it  is  interesting  to  observe  that  most  of  the 
species  and  even  some  genera  are  very  short-lived.  Thus,  most  of  the  earliest  Missis- 
sippian  (Kinderhook)  crinoid  species  disappeared  before  the  beginning  of  the  succeed- 
ing epoch  (Valmeyer)  and  in  the  latter  there  are  four  or  more  zones  in  which  less  than 
5  per  cent  of  the  species  persist  from  one  zone  to  the  next.  This  short  vertical  range 
is  characteristic  of  complexly  organized,  rapidly  evolving  organisms.  The  only 
difficulty  in  making  largest  use  of  the  crinoids  in  correlation  of  beds  is  that  the  calices, 
which  are  necessary  in  most  cases  for  identification  of  species,  are  commonly  broken 
into  separate  plates  and  scattered.  Except  in  a  few  localities,  complete  crinoid 
' '  heads ' '  are  uncommon . 

Fossil  Crinoid  Localities. — North  America  furnishes  some  of  the  most  famous 
crinoid-collecting  places  in  the  world.  The  best  Devonian  crinoids  come  from  New 
York,  Michigan,  and  along  the  Ohio  River  near  Louisville,  Ky.  A  slab  of  lower 
Devonian  limestone  from  eastern  New  York  in  Peabody  Museum,  Yale  University, 
shows  more  than  three  hundred  complete  crinoid  calices.  Most  prolific  of  all  arc  some 
Mississippian  localities,  especially  near  Burlington,  Iowa,  and  Crawfordsville,  Ind. 
Many  remarkable  slabs  have  been  collected 
in  central  Iowa  near  the  little  town  of 
Le  Grand.  Chief  foreign  areas  arc  in  England, 
Belgium,  the  Rhineland,  and  near  Moscow, 
Russia. 

Blastoids 

Blastoids  are  distinguished  by  their 
five-sided,      beautifully     symmetrical 
budlike  form  and  their  generally  prom 
inent,       finely      cross-striated      food 
grooves     (ambulacra).    The    average 
size  of  the  calyx  is  small.     These  echi-  FJQ  196  _Somo  Mississippian  blastoids 
noderms   were  unimportant  in  Early  (one-half  natural  size). 

Paleozoic  times.     They  advanced  dur- 
ing the  Devonian  and  increased  remarkably  in  numbers  and  variety 
in  the  Mississippian,  but  after  thin  sudden  climax  they  virtually  dis- 
appeared.    A  few  blastoids  occur  in  the  Karly  lYnnsylv;mi;m  rocks  of 
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North  America,  and  at  least  one  species  lingered  on  into  the  Permian 
(East  Indies). 

One  of  the  commonest  Devonian  blastoids  is  Nucleocrinus,  which  has  about  the 
shape  and  size  of  a  small  hickory  nut  and  is  distinguished  by  very  narrow  ambulacral 
areas.  The  most  important  genus  in  the  Mississippian  beds  is  Pentremites,  which  is 
broad  at  the  base,  the  sides  sloping  gently  upward  toward  the  rounded  top.  Its 
maximum  development  in  both  species  and  number  of  individuals  is  found  in  the 
uppermost  series  (Chester)  of  Mississippian  rocks.  Certain  beds  of  this  age  in  south- 
eastern Missouri,  southern  Illinois,  and  western  Kentucky  contain  almost  perfect 
specimens  of  Pentremitcs  that  may  be  collected  by  thousands.  Many  of  the  Missis- 
sippian blastoids  are  excellent  index  fossils. 

OTHER  ECHINODERMS 

Cystoids. — Although  upward  of  250  species  of  cystoids  are  known  from  Ordovi- 
cian,  and  Silurian  rocks,  barely  a  dozen  are  reported  from  later  Paleozoic  forma- 
tions. One  genus  is  known  from  the  Mississippian  but  none  definitely  later. 


FIG.  197. — Two  types  of  Lower  Devonian  cyatoids  (one-half  natural  size). 

Asteroids  and  Ophiuroids. — Starfishes  or  astcioids  and  brittle  stars  or  ophiuroids 
are  interesting  but  relatively  unimportant  elements  in  the  marine  life  of  the  Late 
Paleozoic  seas.  Several  kinds  have  been  ol>MT\e<l  and,  at  least  locally  in  New  York, 
certain  starfishes  were  numerous. 

Echinoids. — Plates  and  spines  of  sea  urchins  are  commonly  found  in  many  forma- 
tions from  Devonian  to  Permian  in  ago,  but  complete  specimens  of  the  test  are 
generally  rare.  We  may  specially  mention  a  group  of  plates  and  spines  from  the 
Upper  Devonian  of  Iowa  which  are  perhaps  more  highly  and  peculiarly  specialized 
than  in  any  other  known  echinoid.  These  plates  overlapped  one  another  like  shingles 
on  a  roof,  and  the  spines,  shaped  like  nueited  collar  buttons  with  hexagonal  bases, 
fitted  together  to  form  a  secondary  armor  outside  the  real  shell,  as  in  the  reef-dwelling 
modern  urchin  Cotobocentrotus. 

Some  of  the  Mississippian,  Pennsylvania!!,  arid  Lower  Permian  strata  contain 
numerous  elongate  echinoid  spines,  with  a  variety  of  ornamental  spinelets  on  many  of 
them.  These  fossils  may  be  useful  in  distinguishing  faunal  horizons.  The  polygonal, 
usually  hexagonal  plates  commonly  have  a  large  rounded  boss  in  the  middle,  marking 
the  place  of  attachment  of  one  of  the  large  movable  spines.  Smaller  spine  bases 
occur  on  the  outer  borders  of  the  plates.  Occasionally  a  complete  test  is  found,  most 
frequently  in  some  of  the  Mississippian  formations.  The  St.  Louis  limestone  is 
particularly  known  for  an  erhinoid  that,  as  suggested  by  the  name  Melonechinus, 
strikingly  resembles  in  form  a  small  canteloupc. 

Holothurians,  or  sea  cucumbers,  lack  a  well-knit  skeletal  armament  such  as  occurs 
in  other  echinoderms,  but  a  variety  of  disconnected  tiny  plates  and  spines  belonging 
to  these  creatures  i.s  discovered  in  Late  1'aleo/oic  strata. 
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FIG.  198, — Representative  types  of  Late  Paleozoic  bryozoans  (mostly  enlarged). 
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Bryozoans 

The  bryozoans  of  Devonian  and  Carboniferous  time  are  characterized 
by  the  dominance  of  delicate  lacy  and  slender  branching  types,  whereas 
in  earlier  Paleozoic  times  the  thick  massive  "stony"  bryozoans  were  most 
abundant.  The  variety  is  exceedingly  great.  Though  the  bryozoans 
are  less  conspicuous  than  most  other  invertebrate  groups,  they  are  by 
no  means  the  least  interesting  or  valuable  in  correlation  of  the  rock 
formations. 

Slender  Branching  Bryozoans. — The  slender  branching  colonies  are  best  illustrated 
by  Balostomella  and  Rhombopora  which  are  delicate  twiglike  growths  with  apertures 
arranged  all  around  the  branches.  In  Rhombopora  the  elliptical  cell  apertures  aro 
somewhat  depressed  and  are  bordered  by  a  rhombic  or  hexagonal  rim  of  tiny  projecting 
spinelets.  Like  many  other  kinds  of  bryozoans,  these  rather  insignificant-looking 
fossils  are  most  interesting  when  studied  under  the  microscope.  A  common  ribbon- 
shaped  bryozoan  with  apertures  on  both  sides  is  Cystodictya,  and  a  branching  form 
with  triangular  cross-section,  Prismopora.  The  latter  is  an  important  index  fossil  in 
the  Upper  Mississippian -and  Lower  Pennsylvanian  rocks  of  the  central  United  States. 

Lacelike  Bryozoans. — The  most  common  lacelike  types  of  bryozoans  are  Feneslella 
and  Polypora,  in  both  of  which  the  tiny  cells  (zooecia)  of  the  individual  animals  are 
arranged  in  rows  along  slender  branches  that  are  connected  at  regular  intervals  by 
slender  crossbars.  The  first  genus  carries  two  rows  of  cells  to  the  branch,  and  the 
second  a  larger  number.  The  cell  apertures  all  open  on  the  same  side  of  the  colony, 
the  opposite  side  being  no n poriferous. 

Specialized  Types. — A  peculiarity  of  some  of  the  Mississippian  bryozoans  was 
the  development  of  special  types  of  solid  calcareous  supports.  The  most  important 
one  of  these  is  seen  in  Archimedes  which  looks  very  much  like  a  very  coarsely  threaded 
screw.  This  screwlike  axis  supported  a  spirally  arranged  lace  bryozoan  colony  of  the 
Fenestella  type.  Archimedes  first  appeared  in  the  early  middle  part  (Kcokuk  stage) 
of  the  Mississippian  and  reached  greatest  abundance  in  the  latter  part  (Chester  epoch). 
It  became  extinct  shortly  after  the  beginning  of  the  Pennsylvanian  period.  Another 
genus  that  lived  in  Mississippian  time  is  Lyropora,  which  had  a  U-shaped  support  like 
a  lyre. 

Brachiopods 

No  class  of  Paleozoic  fossils  is  more  important  than  the  brachiopods. 
Their  remarkable  rise  in  the  Ordovician  and  Silurian  periods  has  been 
described,  and  at  the  beginning  of  later  Paleozoic  time  we  find  them  at 
the  peak  of  their  career.  They  predominate  over  other  invertebrates 
in  the  Devonian  and  are  not  very  greatly  diminished  in  the  Mississippian. 
The  group  had  begun  to  decline,  however,  for  numbers  and  variety  are 
much  reduced  in  the  Pennsylvanian  and  Permian.  A  bare  remnant 
of  the  Paleozoic  brachiopod  host,  consisting  mainly  of  primitive  and 
unspecialized  types,  .survived  into  Mesozoic  time  and  persists  today. 

Primitive  Unhinged  Brachiopods.— Each  of  the  later  Paleozoic 
systems  holds  a  good  representation  of  the  simple,  unhinged  brachiopods 
which  have  thin  phosphatic  shells. 
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The  unhinged  binchinpnds  (Lniynla,  ()rbicnl<mltn  :md  others)  nix*  much  like  tl»«i 
oldest  known  species  that  thrived  on  the  muddy  or  windy  bottom  of  Cumbrian  Ht»as. 


Km.  190.  -Representative  typos  of  Late  Paleozoic  hrachiopoda  (one-half  natural  aize). 
Productida  shown  include  Product  us,  Dictyociostns,  Marffimfera,  /uretonui,  Diaphragmus, 
Linoproductua  and  Kchinoconchus. 

The  fact  tlmt  they  occur  almost  exclusively  in  the  dark  ahaly  formations  indicates 
that  they  arc  specially  adapted  to  this  type  of  environment.     They  are  "  fades  foasils" 
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and  may  be  expected  to  occur  whenever  the  proper  environment  or  facies  of  sedimen- 
tation occurs.  The  insignificant  changes  shown  by  these  shells,  despite  existence  of 
the  group  for  scores  of  millions  of  years,  means  that  they  have  little  value  as  indicators 
of  any  given  geologic  horizon.  They  furnish  good  examples  of  an  animal  stock  that 
is  very  stable  because  unspecialized,  yet  adapted  to  an  environment  that  always 
exists  somewhere. 

Orthid  Brachiopods. — Shells  of  the  so-called  orthid  type  (from  the 
Ordovician  genus  Orthis),  with  well-developed  teeth  and  sockets  for 
articulation  of  the  valves,  and  with  other  distinguishing  structural 
features,  are  nearly  as  common  in  Late  Paleozoic  rocks  as  in  Ordovician 
and  Silurian  strata,  but  the  genera  are  partly  different. 

Finely  striated  shells  of  rounded  outline,  like  Dalmanella,  Schizophoria,  and  Rhipi- 
domeUa,  are  abundant  and  important.  The  first  disappeared  at  the  end  of  the 
Devonian,  the  second  in  the  Early  Pennsylvania!!,  while  the  last  persisted  to  Permian 
time.  Schizophoria  striatula  is  a  common  Devonian  fossil,  practically  wo  rid- wide  in 
distribution.  An  interesting  Late  Pennsylvania^  and  Permian  genus,  also  known  from 
five  continents,  is  Enteletes.  It  had  a  globose  shell  with  fine  radial  striations  and  broad 
plications  interlocking  in  a  sawtooth  line  at  the  margin. 

Strophomenid  Brachiopods. — The  group  called  Strophomenacea, 
in  which  *one  valve  is  generally  distinctly  concave,  is  the  most  important 
among  Late  Paleozoic  brachiopods,  excepting  only  the  spire4>earing 
shells. 

There  are  numerous  genera  of  Late  Paleozoic  strophomenids  with  a  long  straight 
hinge  line  and  semicircular  outline:  Stropheodonta,  Strophonella,  Hipparionyx  and 
others  in  the  Devonian;  Schellwienella  and  Orthotetes,  which  are  common  in  the  Mis- 
sissippian; and  Derbya,  which  is  abundant  in  Pennsylvanian  and  Permian  rocks. 

The  family  Productidae  is  a  dominant  element  in  the  Mississippian,  Pennsylvanian, 
and  Permian  brachiopod  faunas  of  the  world.  Walther,  Schuchert,  and  others  have 
applied  the  name  Productus  seas  to  the  marine  invasions  of  the  continents  in  these 
periods.  The  forerunner  of  Productus  was  Productella,  which  lived  in  the  Devonian 
and  Early  Mississippian.  Productus  itself  began  in  the  Mississippian  and  soon  became 
extraordinarily  abundant  and  widespread.  The  shell  has  a  very  convex  pedicle  valve 
and  concave  brachial  valve.  Surface  ornamentation  consists  of  prominent  radiating 
ribs  which  may  be  crossed  by  concentric  wrinkles,  and  there  are  commonly  numerous 
long  hollow  spines,  only  the  bases  of  which,  however,  usually  appear  on  the  fossils. 
Differentiation  along  various  lines  has  led  to  recognition  by  paleontologists  of  numer- 
ous subgenera,  of  which  the  most  important  in  America  arc  Marginifera  and  Echino- 
conchus.  Productus  giganteus  is  the  largest  brachiopod  known,  in  some  cases  attaining 
a  width  of  12  inches.  A  long-ranging  member  of  the  productid  family  is  Chonetes,  a 
small  shell  with  a  single  row  of  hollow  spines  along  the  margin  of  the  cardinal  area  of 
the  pedicle  valve.  It  is  common  in  the  Devonian  and  abundant  in  Mississippian  and 
Pennsylvanian  rocks  of  North  America. 

Two  groups  of  highly  specialized,  peculiar-looking  brachiopods  that  lived  in  the 
Permian  may  be  specially  mentioned.  One  of  them  (Richtofenia)  resembles  a  horn 
coral  more  than  a  brachiopod,  for  it  has  been  strangely  modified  by  its  mode  of  attach- 
ment and  by  thickening  of  one  of  the  valves.  It  is  found  in  Texas,  eastern  and 
southern  Asia,  and  southern  Europe.  The  other  (Leptodus  and  allied  genera)  has 
very  prominent  curving  ridges  and  grooves  on  the  inside  of  the  shell  unlike  any  other 
brachiopod. 
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FIG.  200.— Representative  types  of  spire-bearing  Late  Paleozoic  brachiopods  (about  one- 
half  natural  size). 
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Brachiopods  with  Prominent  Pointed  Beaks. — The  rhynchoneliid 
brachiopods,  with  very  short  hinge  line,  prominent  beaks,  and  generally 
strongly  plicated  shell,  are  very  common  in  many  of  the  later  Paleozoic 
formations.  The  terebratulid  group  somewhat  resembles  the  rhyncho- 
nellids  in  shape  but  the  shells  are  smooth  and  they  have  a  calcareous 
loop  inside  for  support  of  the  tentacle-bearing  brachia  on  each  side  of 
the  mouth. 

There  are  numerous  genera  in  these  groups,  especially  in  the  Devonian  but  also 
in  succeeding  periods.  Rensselaeria  is  one  of  the  common  index  fossils  of  the  Lower 
Devonian.  StrinQocephalus,  a  large  shell  that  characterizes  a  zone  in  the  Middle 
Devonian  of  Europe,  invaded  the  sea  of  this  time  in  northwestern  Canada,  coming  by 
way  of  the  Arctic  and  reaching  the  western  Uni^pd  States. 

Spire-bearing  Brachiopods. — The  spire-bearing  brachiopods  comprise 
the  last  and  most  highly  developed  group.  This  type  of  shell  had  made  a 
small  beginning  in  the  Ordovician.  It  expanded  considerably  in  the 

Silurian  but  culminated  in  the  Devonian  and  Mississippian. 

» 

The  most  important  genus  is  Spiriftr,  a  moderate-  to  very  wide-hinged  shell  with 
plications  radiating  from  the  beaks  and  generally  with  a  well-defined  median  depres- 
sion (sinus)  on  the  pedicle  valve  and  a  corresponding  elevation  (fold)  on  the  hrachial 
valve.  Internally,  there  are  two  spirally  coiled  brachial  supports.  In  total  number 
of  known  species  and  individuals,  Spirifer  outranks  even  Productus.  The  following 
evolutionaljchanges  may  be  discerned:  (1)  plications  in  early  forms  (Silurian  and  most 
Devonian  species)  simple,  undivided,  absent  on  fold  and  sinus;  (2)  plications  in  inter- 
mediate forms  (some  Upper  Devonian  and  most  Mississippian  species)  simple,  present 
on  fold  and  sinus;  (3)  plications  in  late  forms  (Neospirifcr,  Pennsylvania!),  Permian), 
branching  or  arranged  in  bundles,  present  on  fold  and  sinus;  (4)  modifications  of  shell 
structure  and  internal  features  that  are  made  the  basis  of  separation  into  distinct 
genera.  There  is  a  very  great  variety  of  shape  and  size  in  the  Spirifer  group,  and 
because  of  progressive,  rather  rapid  evolution  many  of  the  species  are  very  good  index 
fossils. 

Several  other  genera,  with  differing  external  appearance  and  internal  structure, 
are  common.  Among  these,  Athyrix,  Meristella,  Cyrtina,  and  Atrypa  may  be  men- 
tioned. Of  the  last  named,  Atrypa  reticalaris  vies  with  Leplama  rhomboidalis  for 
the  longevity  record,  for  it  existed  essentially  unchanged  throughout  Silurian  and 
Devonian  time.  It  is  an  exceedingly  common  shell  in  many  places  and  is  distributed 
all  over  the  world. 

Pelecypods 

Pelecypods  are  abundant  in  many  of  the  formations  of  later  Paleozoic 
age,  especially  the  shales  and  sandstones.  The  species  are  somewhat 
different  in  each  period  but  the  main  types  are  very  persistent  and  exhibit 
little  real  change.  Several  of  the  genera  are  smooth-shelled,  rounded, 
subtriangular,  or  elongate  in  outline.  Others  have  prominent  concentric 
lines  or  plications  radiating  from  the  beak  and  a  few  have  a  combination 
of  these  ornamental  features.  A  primitive  stage  of  development  is 
indicated  in  the  majoitty  of  shells  by  unspecialized  hinge  structures 
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such  as  occur  in  the  very  youngent   growth   stages  of  many  modern 
pelecypods. 

The  upper  portion  of  the  Devonian  system  (Hamilton,  Portage,  and  Chemung), 
which  in  eastern  North  America  is  dominantly  composed  of  shale  and  sandstone,  has 
a  large  pelecypod  fauna,  the  description  and  illustration  of  which  fill  two  large  volumes 
of  the  New  York  Geological  Survey.  The  shaly  and  sandy  beds  of  the  Early  Missis- 
sippian  (Kinderhook)  and  the  oolitic  Salem  limestone  are  the  chiof  pelecypod  zones. 


FIG.  201. — Representative  types  of  Late  Paleozoic  pelecypods  (about  one-third  natural 

size) . 

The  environment  which  produces  oolite,  it  may  be  observed,  is  very  congenial  to  the 
mollusks  as  shown  by  m:my  instances,  including  several  in  the  Pennsylvanian.  In 
general,  the  shaly  beds  of  this  period  contain  numerous  pelecypods  and  gastropods, 
whereas  most  of  the  limestones  have  more  brachiopods  and  corals.  The  Permian 
fauna  appears  to  have  a  proportionately  large  pelecypod  component. 

Gastropods 

The  distribution  and  general  character  of  the  gastropods  are  cor- 
related closely  with  those  of  the  pelecypods.  They  are  more  abundant  in 
the  same  kinds  of  rock  and  the  same  geologic  horizons  as  the  pelecypods, 
and  they  follow  a  few  stable  persistent  patterns.  One  type  (Bellerophon 
and  allied  forms)  is  coiled  in  a  plane  and  has  a  large  bell-like  mouth. 
Several  genera  are  established  on  different  types  of  surface  ornamentation. 
Shells  of  the  Pleurotomaria  type  are  characterized  by  a  moderately 
elevated  spire  and  those  of  the  Loxonema  type  by  a  very  tall,  narrow  spire. 
A  few  uncoiled  or  only  partially  coiled  shells  are  found. 

The  slender  little  straight  tubes  of  pteropods  (Styliolina)  and 
conularids  (Tentaculites),  the  latter  distinguished  by  its  thicker  walls 
and  more  or  less  regular  series  of  rings  around  the  shell,  are  exceedingly 
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abundant  in  certain  Devonian  beds.     Both  of  these  genera  have  a  tubular 
shell  that  is  pointed  at  one  end  and  expanded  evenly  toward  the  other. 


FIG.  2U2. — representative  types  ot  .Late  .Paleozoic  gastropoda  (.about  one-halt  natural  size). 

Cephalopods 

Two  distinct  groups  of  cephalopods  are  found  in  the  later  Paleozoic 
rocks  and  they  occur  in  nearly  equal  numbers.  The  first  is  the  type 
with  which  we  have  already  become  acquainted  in  the  older  Paleozoic 
rocks — the  nautiloid  shells.  These  are  straight,  curved,  or  coiled  and 
are  mainly  distinguished  by  the  simple,  straight,  or  gently  curved  sutures 
at  the  edge  of  the  septa  that  divide  the  shell  into  chambers.  The  second 
class,  known  as  ammonoids,  have  more  complex  sutures  and  develop  a 
higher  degree  of  ornamentation  than  is  observed  in  the  first.  It  probably 
had  its  beginning  in  Late  Silurian  time,  advanced  rapidly  in  the  Pennsyl- 
vanian  and  Permian  periods,  and  achieved  a  remarkable  culmination 
in  the  Mesozoic  era. 

Characters  Showing  Evolution. — The  evolutional  advancement  or 
specialization  of  the  cephalopods  may  be  ascertained  chiefly  by  observa- 
tion of  the  following  characters:  (1)  form  of  the  shell,  (2)  surface  orna- 
mentation, (3)  shape  of  the  aperture,  and  (4)  nature  of  the  sutures. 

In  considering  form  of  shell,  it  has  been  noted  that  the  perfectly 
straight,  gently  tapered  Orthoceras  type  is  most  primitive,  and  that 
the  curved  (Cyrtoceras) ,  loosely  coiled  (Gyroceras),  and  tightly  coiled 
(Nautilus)  types  represent  successively  more  advanced  modes  of  growth. 
The  tightly  coiled  shells  may  be  divided  into  groups  on  the  basis  of  the 
shape  of  their  cross-section  or  the  extent  to  which  the  outer  whorls  are 
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in  contact  with  and  cover  the  inner.  The  shape  of  the  shell  may  range 
from  very  flatly  discoidal  to  extremely  thick  and  globular,  the  outer 
border  or  periphery  being  sharply  pointed,  rounded,  flattened,  or  angu- 
lated.  The  cross-section  of  a  whorl  similarly  may  vary  from  circular 
to  quadrangular,  polygonal,  or  crescentic.  An  abnormal  shell  form,  seen 
in  a  few  Early  Paleozoic  and  Mesozoic  families,  is  a  spiral  gastropod-like 
twisting  or,  more  rarely,  an  erratic  bending  without  definite  plan. 


FIG.  203. — Representative  types  of  Late  Paleozoic  cephalopoda,  the  space  between  two 
of  the  sutures  artificially  darkened  (about  one-third  natural  size). 

Surface  ornamentation  consists  of  various  sorts  of  ridges,  nodes,  or 
spines,  of  fine  lines  and  granulation,  and  of  color  (which  in  almost  all 
cases  is  lost  in  fossilization).  The  majority  of  nautiloids  are  smooth, 
but  the  shells  of  many  ammonoids  are  highly  ornamented. 

The  aperture,  not  preserved  in  all  fossils,  is  commonly  simple  and 
round  but  may  be  modified  by  shallow  or  deep  indentations  of  the 
borders  and  by  a  beaklike  projection  of  a  part  of  the  shell.  The  most 
highly  modified  apertures  among  the  nautiloids  are  seen  in  Silurian  and 
Devonian  shells  which  have  the  living  chamber  nearly  closed  by  inbending 
edges  of  the  aperture.  Some  of  the  Jurassic  and  Cretaceous  ammonoids 
have  the  most  highly  modified  apertures. 

The  sutures  are  plain  and  smooth  in  the  primitive  nautiloids,  and 
in  modern  Nautilus  they  are  only  gently  curved.  A  progressive  change 
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in  the  form  of  the  sutures  appears,  especially  among  the  anmionoids. 
From  slightly  curved  they  pass  to  distinctly  wavy  and  in  part  .angulated 
and  then  by  increasing  crenulation  achieve  a  more  and  more  complex 
pattern  that  is  most  extreme  in  some  of  the  Mesozoic  shells.  The  causes 
that  led  to  this  specialization  of  sutures  are  in  doubt. 

Nautiloids. — Among  Late  Paleozoic  nautiloids  we  find  the  unprogressive,  straight- 
shelled  Orthoceras  and  \arious  slightly  ornamented  allies  which  are  almost  as  common 
as  they  had  been  in  (he  Ordovician  and  Silurian.  Some  of  the  Mississippian  shells 
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Fits.  204. — Representative  types  of  Pennsylvania!!  cephalopoda  (about 

size). 


1 
two-thirds  nntural 


from  northern  Arkansas  and  southern  Oklahoma  have  a  maximum  diameter  of  nearly 
8  inches  and  a  complete  length  of  more  than  5  feet.  The  fact  that  these  straight- 
shelled  nautiloids  persisted  with  so  little  change  and  survived  almost  all  of  the  more 
advanced  types  calls  attention  to  an  observation  which  holds  true  in  many  other 
cases:  that  the  specialized  products  of  evolution  are  in  general  the  first  to  disappear, 
while  the  unspecialized  conservative  types  live  longest. 

The  coiled  nautiloids  are  fairly  common  in  each  of  the  Late  Paleozoic  periods. 
There  were  several  smooth-shelled  species,  but  the  ornamented  types  are  most  inter- 
esting and  significant  of  evolutional  change.  An  example  in  the  Late  Devonian  is  the 
frill-bearing  Rhyliceras.  Some  of  the  Mississippian  and  Pennsylvanian  shells  had 
prominent  nodes  along  the  sides  and  a  few  were  of  large  size,  attaining  a  diameter  of 
nearly  18  inches.  One  of  the  most  common  genera  is  Metacoceras. 

Ammonoids. — The  first  ammonoids  have  sutures  that  are  nearly  straight,  classifi- 
cation with  the  ammonoids  being  indicated  by  other  characters.  The  ammonoid 
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stock  is,  of  course,  clearly  a  derivative  of  the  nautiloids  and  features  typical  of  the 
latter,  such  as  simple  sutures,  a  small  open  space  left  by  the  first-formed  whorl,  and 
the  structure  of  the  siphuncle,  are  found  in  the  majority  of  Paleozoic  am  monoids. 
These  are  sometimes  grouped  together  under  the  name  goniatitcs.  One  of  the  Devo- 
nian genera  (Bactrites)  has  a  straight  shell  like  Orthoccras,  and  another  (Mimoceras) 


Flu.  205.  -  Representative  types  of  Late  Paleozoic  trilobites  (about  one-half  natural  size). 


has  in  the  young  shell  a  loosely  coiled  form  like  (r///v>tv/</x.  The  reM  are  tightly 
coiled,  home  with  whorls  barely  touching,  others  \\ith  outer  u  horls  partly  embracing 
the  inner,  and  still  others  so  highly  involute  that  only  the  outermost  whorl  can  be 
seen.  Several  of  the  Devonian  and  MissisMppian  genera  «"////>/<  ?mz,  Agnnuh'^ 
Gephyroccras)  have  moderately  curved  and  aiiguluted  sutures  Others  (Bcloceras, 
Prolecanitcs)  show  much  more  numerous  wavy  irregularities  of  the  sutures.  Deflec- 
tions of  the  sutures  toward  the  aperture,  termed  xwW/«',s,  tend  to  be  rounded  while 
those  away  from  the  aperture,  termed  lolux,  are  generally  pointed.  The  sutural  lobes 
of  some  Pennsylvania!!  genera  and  of  many  Penman  shells  (Mcdticottia,  Marathonites) 
show  division  into  subordinate  erenulations.  Ammonoids  with  this  type  of  suture, 
more  complex  than  in  the.  typical  goniatite,  are  sometimes  called  ccratitt-s.  The 
culmination  of  ceratitic  sutures  occurred  in  the  Tnassic.  A  secondary  complication 
of  the  saddles,  as  well  as  of  the  lobes,  that  developed  ultimately  the  most  complex  of 
all  sutures,  distinguishes  the  shells  called  ammonites,  but  there  is  actually  no  sharp 
line  separating  these  from  cerntites  or  simpler  forms.  A  few  of  the  Pennsylvania!! 
and  Permian  ammonoids  (Cyclolobu*.  Wn<i(j<  nonru*}  have  ammonitic  sutures.  The 
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Late  Paleozoic  cephalopods  of  this  class  thus  show  a  progressive  increase  of  sutural 
complexity  which  foreshadows  remarkable  types  that  are  so  abundant  in  the  Meso- 
zoic  rocks. 

Trilobites 

This  distinctively  Paleozoic  class  of  animals  was  on  the  decline  even  in 
Silurian  time,  but  it  is  still  a  noteworthy  element  in  many  of  the  Devonian 
faunas.  Two  groups  may  be  differentiated.  The  general  appearance 

in  the  one  is  that  of  a  well-advanced 
but  conservative  trilobite,  without 
frills,  special  ornamentation,  or  any 
unusual  peculiarities,  and  without 
marks  of  degeneration  such  as  appear 
in  several  of  the  Silurian  branches. 
Duhniuiilex  and  the  very  abundant 
Phacopts  (see  Figs.  90,  205)  illustrate 
this  group.  The  other  is  overdecorated 
and  peculiarly  specialized  in  various 
ways.  Extreme  development  of  spines 
is  seen  on  head,  body,  and  tail,  and  in 
one  genus  the  central  lobe  of  the  head 
became  very  strongly  bulbous.  These 
abnormal  types  did  not  survive  into  the 
Mississippian,  when  only  four  genera 
of  the  conservative  group,  all  belonging 
to  a  single  family,  are  found.  The 
number  is  further  reduced  in  the  Penn- 
sylvanian,  and  finally  there  is  but  one, 
the  last  of  the  race,  in  the  Permian. 
The  overdevelopment  in  different 
ways  and  the  specialization  that 
shortly  led  to  extinction  are  well  illustrated  by  various  branches  of  the 
trilobites;  and  the  persistence  of  the  conservative,  unspecialized  stock 
is  seen  in  its  survivals  to  latest  Paleozoic  time. 

Ostracodes  and  Other  Crustaceans 

The  tiny  bivalve  crustaceans  called  ostracodes  literally  swarmed  at 
various  times  and  places  in  the  shallow  seas  of  Late  Paleozoic  time,  if 
we  may  judge  from  the  abundance  of  their  shells  in  certain  layers.  The 
number  of  different  kinds  is  also  very  large,  some  smooth  and  rounded, 
some  very  beautifully  and  delicately  ornamented  with  granules  or  fine- 
meshed  network,  some  with  prominent  bulbous  nodes  or  ridges,  and  some 
with  projecting  comblike  frills.  In  the  Mid-Continent  oil  fields,  the 
rock  layers  of  Pennsylvanian  and  Permian  age,  as  well  as  those  of  the 


FIG.  206. — A  "giant"  trilobite  of 
peculiarly  specialized  form  from  the 
Devonian  rocks  of  New  York. 
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Mississippian  and  older  systems,  are  commonly  identified  by  means  of 
ostracodes  and  other  microscopic  fossils  observed  in  the  drill  samples. 

Another  crustacean  group  termed  phyllocaridx,  because  of  the  leaflike  (phyllum, 
leaf)  nature  of  their  limbs,  has  a  pair  of  large  rounded  or  elongate  valves  enclosing  the 
head  and  thoracic  regions;  the  abdomen  projects  at  the  rear  and  bears  three  spiny 
processes  at  the  end.  Examples  of  a  variety  of  these  creatures  are  known  from  Devo- 
nian, Mississippian,  and  Pennsylvania!!  rocks. 


FKI.  'Jl)7.     Representative  types  of  Late  Paleozoic  ostracodes  (much  enlarged). 

From  the  Pennsylvania!!  rocks  in  various  places  conic  several  interesting  fossil* 
that  are  strikingly  like  the  modern  crawfishes  or  lobsters  but  are  sufficiently  distinct 
to  make  thrm  assignable  to  a  different  group.  A  famous  locality  from  which  some 
of  these  and  many  other  less  common  fossils  ha\e  been  collected  is  on  Mazon  Creek 
in  Illinois,  about  50  miles  southwest,  of  Chicago.  The  fossils,  including  leaves, 
shells,  crustaceans,  insects,  spiders,  scorpions,  myriapods  (thousand  legs),  and  rarely 
skeletal  remains  of  small  amphibians  and  reptiles,  occur  in  nodular  concretions 
embedded  in  shale. 

The  mcroslomcs  include  the  king  crabs,  curyplerids,  and  various  related  forms 
The  eurypterids  were  well  developed  in  the  Early  Paleozoic,  especially  the  Silurian 
when  some  of  them  attained  a  length  of  more  than  6  feet.  Various  genera  are  founc 
also  in  the  Devonian  and  Carboniferous,  but  their  association  with  other  fossil* 
indicates  a  change  in  habitat  from  an  original  marine  environment  to  the  brackish 
waters  of  lagoons  and  estuaries,  and  the  fresh  waters  on  land.  One  of  the  eurypteridi 
(Stylonurus)  in  the  Late  Devonian  had  a  length  of  more  than  6  feet.  Eight  of  its  ter 
jointed  appendages,  projecting  from  the  under  side  of  the  head,  were  unusually  long 
The  Pennsylvanian  and  Permian  formations  yield  several  interesting  relatives  of  th< 
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spike-tailed  king  crab  (Li.mulu#)  which  indeed  look  very  much  like  the  modern  speci- 
mens except  that  the  fossil  forms  are  small. 

Insects 

One  of  the  developments  of  the  later  Paleozoic  life  that  attracts 
special  attention  is  the  first  appearance  of  insects.  This  group  has 
expanded  in  later  earth  history  until  at  present  there  are  more  species 

of  insects  than  of  all  other  kinds  of 
animals  put  together.  It  is  said  that 
the  only  serious  competitors  of  man 
are  the  insects.  It  is  perhaps  fortu- 
nate that  the  size  of  modern  insects 
is  not  that  of  certain  individuals 
of  Pennsylvania,*!  time  when  4-inch 
cockroaches  scurried  over  the  ground 
and  dragon  flies  with  a  30-inch  wing 
spread  droned  through  the  air. 

The  most  primitive  and  one  of 
the  most  important  orders  of  Late 
Paleozoic  insects  is  the  Palaeodicty- 
optera,  characterized  by  the  very 
archaic  structure  of  the  wings  which 
have  a  type  of  venation  matching 
almost  exactly  the  hypothetical  an- 
cestral insect  wing.  To  this  group 
belong  the  first  definitely  known 
insects,  which  occur  in  rocks  of  Early 
Pennsylvanian  age.  Supposed  insect 
specimens  that  have  been  reported 
from  Silurian  and  Devonian  rocks  are  not  authenticated.  Before  the 
extinction  of  the  Palaeodictyoptera  in  the  Permian,  the  order  gave  rise 
to  several  transitional  stocks  which  in  turn  introduced  existing  orders. 

The  cockroaches  (Blattoidea),  though  contemporaneous  with  many 
members  of  the  Palaeodictyoptera,  are  clearly  derived  from  this  order, 
as  shown  by  wing  characters.  They  were  the  most  common  type  of 
insect  in  the  Pennsylvanian  period  (some  eight  hundred  species)  and  are 
numerous  in  the  Permian.  The  order  did  not  die  out  at  the  close  of 
Paleozoic  time  but,  on  the  contrary,  has  persisted  to  the  present  day, 
taking  rank  as  the  oldest  existing  insect  group  that  is  represented  by 
fossils.  In  view  of  antiquity  of  ancestry  and  ancient  importance  in  size 
and  numbers,  the  lowly  and  despised  modern  cockroach  is  really  entitled 
to  hold  his  head  high  among  insect  associates. 

The  Pennsylvanian  dragon  flies  are  assigned  to  a  more  primitive  order 
than  that  to  which  the  living  representatives  of  this  group  belong,  the 


FIG.  208. — Stylonurua,  a  Late  Devon- 
ian eurypterid  about  5  feet  in  length, 
from  New  York.  (After  Goldring,  from 
Ruedemann  and  Clarke.) 
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difference  being  mainly  in  wing  structure.    About  a  dozen  fossil  species 
are  known. 

The  chief  Pennsylvania!!  insect  localities  in  North  America  are  found  in  Penn- 
sylvania, Illinois,  and  Kansas.  A  very  famous  collecting  place  in  Europe  is  in  beds 
of  Upper  Pennsylvanian  age  at  Commentry,  France.  The  most  remarkable  occur- 
rence of  Paleozoic  insect  fossils  yet  found  in  the  world  is  in  Lower  Permian  strata 
a  few  miles  south  of  Abilene,  Kans.  A  total  of  about  five  thousand  specimens  have 
been  collected  here.  Very  much  has  been  learned  from  them  concerning  the  early 
differentiation  and  evolution  of  the  insects. 


Cockroach 

FIG.  209. — Some  Pennsylvanian  and  Permian  types  of  insects. 

Fishes 

The  Devonian  period  is  often  termed  the  "Age  of  Fishes/'  This 
does  not  mean  that  fishes  reached  the  peak  of  their  career  at  this  time  or 
that  they  exceeded  in  number  and  variety  other  kinds  of  life.  Rather, 
for  the  first  time  fishes  became  well  represented  in  the  fossil  record,  and, 
because  of  their  great  advancement  in  the  evolutionary  scale  over  any 
of  the  invertebrates,  they  may  properly  be  termed  the  dominant  animals 
of  the  period.  The  fishes  undoubtedly  originated  very  early  in  the 
Paleozoic  or  before,  for  fragments  of  skeletons  are  known  in  Silurian  and 
Ordovician  rocks.  They  are  the  first  animals  with  cartilaginous  or  bony 
internal  structures,  a  central  nervous  system,  and  other  specialized 
characters  that  distinguish  the  vertebrates.  For  this  reason  and  because 
the  higher  vertebrates  were  undoubtedly  derived  from  them,  the  Paleozoic 
fishes  are  of  special  importance.  Neither  paleontologic  nor  embryologic 
evidence,  however,  indicates  the  exact  mode  of  transition  from  inverte- 
brate ancestral  stock  to  fish,  or  from  fish  to  amphibian,  and  we  are  left 
to  infer  relationships  from  similarities  of  structure  and  the  geologic 
order  of  appearance  of  these  successively  higher  types  of  life,  To  learn 
the  significant  things  about  the  Paleozoic  fishes  we  must  first  note  some 
of  the  general  structural  characteristics  of  this  type  of  animal  and  then 
observe  briefly  the  peculiarities  shown  by  the  known  fossils. 
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Structural  Features  of  Fishes. — Fishes  have  the  form  and  general 
structure  that  are  beet  adapted  to  a  mobile  life  in  water.  The  body  is 
typically  compressed  spindle-shaped,  and  streamlined  to  offer  minimum 
resistance  to  motion.  The  head,  which  is  fastened  to  the  body  without 
a  neck;  bears  the  eyes,  mouth,  and  gills.  The  sharks  and  lampreys  have 
a  series  of  separate  openings  for  the  gills  that  are  exposed  on  each  side, 
but  in  other  fishes  these  are  all  covered  by  an  operculum.  The  body 
is  generally  covered  by  a  shingle-like  covering  of  scales,  but  it  may  be 
armored  by  bony  plates,  by  a  flexible  covering  of  quadrangular  enamel- 
like  plates,  by  small  toothlike  structures  embedded  in  the  skin,  or  it  may 
have  only  a  leathery  skin. 

Fins,  which  enable  the  fishes  to  swim  easily,  may  be  classed  in  two 
groups:  (1)  the  unpaired  fins,  which  are  median  projections  from  the 


Homocarcal     Meterocarcal    Diphycereal 
Front  view  felvicfins         Analfm  Tail  Tail  tail 

Fio.  210. — A  modern  fish  showing  streamlined  body  and  arrangement  of  fins.     Types  of 

tail  fins. 

back  (dorsal  fin),  tail  (caudal  fin),  and  venter  (anal  fin),  (2)  the  paired 
fins,  which  consist  of  pectoral  fins,  located  one  on  each  side  near  the 
head,  and  the  pelvic  fins,  located  typically  farther  back  but  in  front  of 
the  anal  fin.  Three  types  of  tail  fins  are  observed:  (1)  diphy cereal, 
which  extends  symmetrically  and  evenly  around  the  end  of  the  vertebral 
column,  (2)  heterocercal,  in  which  the  end  of  the  vertebral  column  is  bent 
upward  (or  rarely  downward)  and  the  arrangement  of  the  fin  is  unsym- 
metrical,  and  (3)  homocercal,  a  more  or  less  fan-shaped  symmetrical 
tail  fin  that  is  developed  at  the  abrupt  termination  of  the  vertebral 
column.  The  fins  are  supported  near  the  base  by  cartilaginous  or  bony 
structures  and  farther  out  by  horny  rays  or,  in  the  paired  fins  of  certain 
species,  by  a  skeletal  structure  that  suggests  the  limb  bones  of  higher 
vertebrates. 

The  lungfishes  possess  an  internal  organ  of  respiration.  This  is  absent 
in  other  fishes,  but  the  higher  types  (bony  fishes)  have  instead  an  air 
bladder  that  functions  as  a  hydrostatic  organ. 

Kinds  of  Fishes. — Several  different  classifications  of  the  fishjes  have 
been  proposed,  the  differences  in  grouping  being  due  to  uncertainty  as 
to  the  significance  and  relationships  of  various  structures.  Present 
knowledge  favors  recognition  of  three  main  classes:  ostracoderms, 
selachians,  and  "bony  fishes." 
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1.  Ostracoderms  (Ostracodermi)  are  a  primitive,  mainly  Paleozoic  stock, 
characterized  especially  by  the  shelly  plates  that  encase  the  body.  No 
trace  of  internal  skeletal  features  is  preserved  in  the  majority  of  these 


Osteolepis  a  lobe-finned  or 
crossopterygian    fish . 


Dipterus  a  lung-fish 

belonging  to  the  group  Dipneusli 


Holoptychius  a  lobe-fmned  or 
crossopterygian    fish 


PterichthyS  (two  upper  specimens) 

Cephalaspis  (lower,  shovel  nosed  form) 

Two  types  of  primitive  fishes  called  ostracoderms 


CocCOSteuS  a*jointed-neck*fish 
or  arthrodire,  classed  with  the  sharks 


Cladoselache  a  shark 


Scale 


FIG.  211. — Types  of  Devonian  fishes. 

fishes,  but  the  outer  covering  of  bony  plates  is  shown.  One  type  (Pterich- 
thys)  has  paddle-like  flippers,  but  there  are  no  true  paired  fins.  The 
ostracoderms  are  all  small  creatures,  measuring  only  a  few  inches  in 
length.  They  first  appear-  in  Upper  Ordovician  rocks,  show  increased 
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numbers  in  Silurian  beds,  and  attain  maximum  development  in  the 
Early  Devonian  formations. 

A  modern  group  that  is  now  regarded  as  a  degenerate,  armorless 
descendant  of  the  ancient  ostracoderms  includes  the  cyclostomes  (Cyclo- 
stomi).  These  are  jawless,  permanently  gaping  round^mouthed  fishes 
of  eel-like  form,  without  paired  fins  or  a  scaly  or  bony  covering  of  the 
body.  They  have  a  primitive  diphycercal  type  of  tail  fin.  The  Old 
Red  sandstone  of  Scotland  has  yielded  a  small  fossil  (Palaeospondylus) 
of  this  type,  but  there  is  doubt  as  to  whether  it  is  actually  a  cyclostome. 
2.  Selachians  (Selachii)  comprise  the  sharks  and  rays.  The  skeleton 
is  cartilaginous,  but  the  body  covering  consists  of  a  multitude  of  hard 

granules  or  minute  spiny  plates  that  have 
exactly  the  same  structure  as  teeth.  Well- 
developed  paired  fins  occur  and  the  tail  fin 
is  generally  heterocercal.  An  air  bladder  or 
lungs  are  absent.  Fossil  remains  consist  of 
the  dermal  covering,  spines,  teeth,  and  occa- 
sionally the  complete  body  impression.  One 
type  of  Late  Paleozoic  sharks  bore  prominent 
bony  spines  which  supported  the  fins.  Some 
of  these  spines  are  more  than  2  feet  long  and 
very  massive  bony  structures,  indicating  fishes 
of  large  size.  Shark  teeth  are  frequently  found 
irx  the  marine  strata  of  the  Devonian  and 
Mississippian  periods,  less  commonly  in  the 
Pennsylvanian  and  Permian.  Most  of  the 
Devonian  shark  teeth  are  sharp-pointed,  but 
the  dominant  kinds  of  later  Paleozoic  time 
have  broadly  rounded  wearing  surfaces, 
adapted  for  crunching  shells  and  for  grinding 
rather  than  cutting.  Commonly  there  We 
many  teeth  in  the  mouth  of  a  single  fish, 
and  they  may  fit  together  to  form  a  well-knit 
pavement. 

A  group  of  "  joiiited-neck"  fishes  called  Arthrodira  appears,  according 
to  recent  studies  (Stensio),  to  belong  with  the  sharks.  The  arthrodires 
are  distinguished  by  a  heavy  bony  armor  encasing  the  front  part  of  the 
body,  by  the  powerful  jaws,  and — a  rare  peculiarity  among  fishes — by  a 
joint  behind  the  head  that  permitted  a  vertical,  hingelike  movement. 
These  fishes  occur  both  in  stream-laid  deposits  of  the  land  and  in  marine 
strata  far  from  existing  shores.  Some  of  the  latter,  notably  the  "terrible 
fish"  (Dinichthys)  from  the  Mississippi  Valley  region,  were  very  large, 
having  a  head  more  than  3  feet  long  and  a  total  length  of  about  20  feet. 
They  lived  throughout  the  Devonian  and  into  Early  Mississippian  time. 


FIG.  212. — Front  view  of  a 
restoration  of  the  Devonian 
"terrible  fish"  Dinichthys 
which  attained  a  length  of 
20  feet.  (American  Museum 
of  Natural  History.) 
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3.  Bony  fishes  (Ostreichthyes)  include  the  higher  types  of  fishes  with 
bony  skull  structure,  lungs  or  air  bladder,  well-developed  fins,  and  a  body 
covering  of  scales.  Unlike  the  sharks,  the  gill  openings  are  covered  by  an 
operculum.  Three  subclasses  may  be  recogniz'ed,  the  first  two,  in  which 
the  skeleton  is  only  partially  ossified,  being  especially  important  in  the 
Late  Paleozoic,  and  the  last,  with  completely  ossified  skeleton,  best 
developed  in  Mesozoic  and  later  time. 

a.  Lungfishes  (Dipneusti)  are  a  most  interesting  group  that  is  first 
known  in  the  Devonian  continental  deposits.  The  few  modern  examples 
have  an  internal  cellular  sac  that  functions  as  a  respiratory  organ, 
supplementing  the  gills  and  enabling  these  fishes  to  survive  periods  of 
dryness  when  stagnant  pools  of  foul,  unoxygenated  water  make  life  for 
ordinary  fishes  impossible.  There  are  three  existing  genera  of  lungfishes, 
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FIG.  213. — Polypterus,  a  modern  lungfish  from  tropical  Africa. 

Establishment.) 


(Ward's  Natural  Science 


living  respectively  in  Australia,  Africa,  and  South  America,  and  it  is 
known  that  some  of  these  can  endure  almost  complete  desiccation.  They 
burrow  into  the  mud,  form  a  sort  of  cocoon  of  hardened  mucus,  and  live 
for  months  surrounded  by  bricklike  dried  clay.  When  the  next  rainy 
season  releases  them,  they  are  as  lively  as  ever.  The  Devonian  lungfishes 
were  very  similar  to  these  modern  types  and  they  were  undoubtedly 
evolved  as  a  result  of  the  struggle  to  survive  in  the  unfavorable  sur- 
roundings of  sluggish  and  periodically  drying  streams  on  the  land. 
Though  some  living  lungfishes  attain  a  length  of  6  feet,  most  of  those 
known  from  the  Devonian  are  less  than  a  foot  long. 

6.  Lobe-finned  fishes  (Crossopterygii)  are  distinguished  chiefly  by 
the  limblike  appearance  of  the  pectoral  and  pelvic  fins  which  have  a 
fleshy  middle  portion  supported  by  bones  that  bear  homology  to  the 
skeletal  limb  structure  of  land  vertebrates.  The  tail  is  diphycercal  or 
heterocercal.  The  body  covering  consists  of  scales  of  the  so-called 
ganoid  type,  which  have  a  bony  lower  layer  and  a  superficial  layer  of 
shiny  enamel.  The  teeth  are  conical  in  shape  and  in  many  cases  show 
the  peculiar  complexly  folded  "labyrinthine"  internal  structure  seen 
in  the  Paleozoic  amphibians.  It  is  probable  that  these  fishes,  which 
are  known  from  the  Middle  Devonian  to  Cretaceous  rocks,  possessed 
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lungs  essentially  like  those  of  tho  "lungfishes."  Altogether,  it  is  con- 
cluded that  this  type  of  fish  is  most  nearly  related  to  the  amphibians  and 
higher  vertebrates  and  is  most  likely  to  have  been  their  progenitor. 

c.  Ray-finned  fishes  (Actinopterygii)  are  distinguished  by  the  structure 
of  the  fins  and  by  the  thoroughly  ossified  skeleton  of  the  majority  of 
representatives.  The  scales  are  of  the  "  enamel-scale "  (ganoid)  type 
in  some  of  the  more  primitive  ray-finned  fishes  but  are  thin  and  flexible 
in  the  more  modern  forms.  In  this  group  belong  the  teleosts  or  true  bony 
fishes,  which  comprise  about  99  per  cent  of  existing  species  of  fishes. 
They  are  the  most  highly  organized  fishes  and  are  equally  adapted  to 

life  in  the  seas  and  in  the  waters  of  the 
land.  They  are  descendants  of  the 
ganoid  actinopterygians,  of  which  the 
earliest  known  representatives  occur  in 
Middle  Devonian  rocks.  Teleosts  are 
first  known  definitely  in  Triassic  beds 
but  did  not  become  common  until 
( 'retaceous  time. 

Amphibians 

The  first  known  land  vertebrates 
appeared  in  Late  Paleozoic  time,  the 
most  ancient  fossil  indication  of  this 
class  being  footprints  of  a  three-toed 
animal  (Thinopus),  doubtless  an  am- 


FIG.    214. — Cast   of   footprint   from 
Upper  Devonian  rocks  in  northeastern 


(Thinopus)  that  made  thi 
probably  an  amphibian. 
Museum,  Yale  University.) 


/D    t  J    Pennsylvania. 

(Peabody  J 

next   above   fishes 


Pennsylvania.     The   three-toed   animal    phibian,    in   Upper   Devonian    rocks    of 

The  amphibians  belong 
in  the  evolutional 
scale.     Modern     amphibians     include 

animals  that  live  in  water  a  good  deal  or  all  of  the  time  (salamanders, 
sirens,  newts,  mud  puppies)  and  also  animals  that  are  exclusively  air 
breathers  in  adult  life  (frogs,  toads). 

Amphibians  resemble  the  fishes  in  living  for  a  part  or  all  of  their 
lives  in  water,  and  breathing  by  means  of  gills,  in  being  cold-blooded, 
in  the  possession  by  some  forms  of  a  diphycercal  tail  fin,  in  the  presence 
of  a  body  covering  of  scales  in  many  of  the  fossil  species,  and  in  the  nature 
of  their  eggs  and  the  way  these  are  laid  in  water  without  further  attention 
from  the  parents.  They  differ  from  fishes  in  having  legs  with  fingers  and 
toes  (although  in  some  amphibians  one  or  both  pairs  of  limbs  have  been 
lost),  in  the  possession  by  the  majority  of  species  of  functional  lungs  which 
make  them  independent  of  water  as  a  surrounding  medium  in  adult  life, 
and  in  the  structure  of  the  heart,  the  mobile  muscular  tongue,  and  other 
features.  As  already  noted,  the  amphibians  were  probably  derived  from 
crossopterygian  fishes. 
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Stegocephalians. — The  Paleozoic  amphibians  differ  especially  from 
those  of  the  present  day  in  the  presence  of  a  covering  of  plates  on  -the 
head  that  in  the  larger  forms  was  a  heavy  bony  armor.  Accordingly, 
they  are  commonly  called  stegocephalians,  the  name  meaning  "  covered  or 
armored  head."  All  of  these  amphibians  had  relatively  flat,  generally 


Devonian  lobe -finned  fish 


Hypothetical  stage  . 
intermediate  between  fish 
and  amphibian 


Late  Raleoroic  amphibian 


FIG.  215. — Drawings  showing  probable  mode  of  evolution  of  the  limb  struct ure  of 
amphibians  and  higher  vertebrates  from  the  paddle  of  lobe-finned  fishes.  (W .  K.  Gnyttry, 
from  K.  F .  Mather,  Sons  of  the  Earth,  W.  W.  Xortoti  &  Company,  Inc.} 

broad  heads  with  eyes  directed  upward,  and  the  mouth  very  wide.  A 
more  or  less  well-developed  tail  is  invariably  present.  The  early,  more 
primitive  types  were  animals  with  short,  weak  legs  and  laterally  flattened 
tails  that  functioned  as  an  aid  in  swimming.  Some  of  the  Paleozoic 
amphibians  were  only  an  inch  or  two  in  length  but  there  were  also  very 
primitive  forms  as  large  as  a  crocodile.  There  was  a  considerable  variety 


FIG.   210.  —  A  small   salamander-like   lYiiiiM  1\  am.-m    amphibian 

Museum  of  \atural  History.} 


(Field 


of  these  animals  in  Pennsylvanian  and  Permian  times.  Rome  were 
ponderous  and  evidently  very  sluggish,  waddling  about  in  a  slow,  lum- 
bering fashion;  others  \\ere  active,  li/ard-like  creatures  with  lighter  bodies 
and  well-developed  limbs;  some  were  probably  Veiy  capable  swimmers; 
and  a  few  were  entirely  legless,  snakelike  forms.  The  stegocephalians 
lived  in  the  fresh  waters  and  on  i  h*1  lands.  Probably  most  of  them  were 
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carnivorous,  judging  by  the  nature  of  the  teeth,  feeding  on  invertebrates, 
small  fishes,  and  other  amphibians. 

One  of  the  most  prominent  groups  among  the  stegocephalians  is  that 
of  the  labyrinthodonts,  so  called  on  account  of  the  intricately  infolded 


FIG.  217. — A  short-bodied  Permian  amphibian  (Cacops)  with  bones  of  the  back  fused 
together.  The  opening  for  the  pineal  eye  may  be  seen  in  the  upper  figure  slightly  behind 
and  midway  between  the  eye  orbits.  (Walker  Museum,  University  of  Chicago.) 


structure  of  the  enamel  in  the  teeth.  This  peculiarity  was  noted  in 
Devonian  crossopterygian  fishes.  The  labyrinthodonts  attained  the 
maximum  size  among  amphibians,  some  having  a  broad,  bony  head  4 
feet  long  and  a  total  length  of  about  15  feet.  The  skull  in  these  animals 
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was  unusually  heavy  and  solid,  and  the  breast  was  covered  by  three  large 
and  thick  bony  plates. 

An  interesting  feature  which  is  shown  very  clearly  in  the  Paleozoic 
amphibians  is  an  opening  on  the  top  of  the  skull  behind  and  midway 
between  the  eye  orbits.  This  marks  the  position  of  a  third  eye,  the 
so-called  pineal  eye.  The  aperture  occurs  also  in  the  crossopterygian 
and  other  primitive  fishes,  in  many  fossil  reptiles,  and  in  one  living  species. 
As  a  vestigial  organ,  this  eye  is  present  in  all  higher  vertebrates,  including 
man. 

The  stegocephalians  probably  originated  in  Devonian  times.  Skeletal 
remains  are  known  in  rocks  of  Mississippian  age  in  Europe  but  in  America 


bio.  2Ks.— ^kolotoii  oJ  a  IViinian  amphibian  (Eryops)  from  rli..u-.  1  la-  animal  had  a 
thick  bony  skull  that  in  large  specimens  measures  2  feet  in  length  and  18  inches  in  width  at 
the  back.  The  entire  length  of  this  amphibian  ranges  up  to  nearly  10  feet.  (American 
Museum  of  Natural  History.} 

they  have  not  as  yet  been  found  in  beds  older  than  Pennsylvanian.  In 
this  period,  stegocephalians  were  numerous  and  highly  varied,  although 
most  cf  the  fossils  come  from  a  very  few  localities.  Some  90  species 
have  been  described  from  the  Pennsylvanian  rocks  of  North  America. 
They  continued  as  an  important  element  in  the  land  fauna  of  Early 
Permian  times,  but  rapid  increase  in  the  number  of  reptiles  pushed  them 
into  a  subordinate  place.  Stegocephalians  were  rare  in  the  later  Permian 
and  they  disappeared  in  the  Triassic  period,  being  replaced  in  later  rocks 
by  representatives  of  modern  orders. 

Reptiles 

The  most  highly  developed  animals  of  later  Paleozoic  time  are  the 
reptiles,  although  it  is  possible  that  the  beginning  of  marrimals  occurred 
before  the  close  of  the  era.  Reptiles,  like  amphibians  and  fishes,  are 
cold-blooded,  and  in  skeletal  structure  the  more  primitive  reptiles  can 
hardly  be  differentiated  from  certain  stegocephalians.  From  an  evolu- 
tional standpoint,  however,  the  advancement  of  reptiles  over  amphibians 
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is  almost  comparable  to  that  of  fishes  over  invertebrates.  This  improve- 
ment is  seen  mainly  in  the  nature  and  mode  of  development  of  the  egg. 
In  amphibians  and  fishes  the  eggs  are  necessarily  laid  in  water.  There  is 
virtually  no  stored  food  material  and  the  almost  embryonic  newly 
hatched  young  are  required  to  fend  for  themselves.  Among  reptiles, 
structures  are  introduced  in  the  egg  which  for  the  first  time  make  the 
animal  independent  of  water  as  a  surrounding  medium  during  at  least 
the  early  stages  of  development.  This  is  accomplished  by  the  presence 
in  the  egg  of  an  outer  protective  covering  or  shell,  but  mostly  by  the 
development  of  two  membranes  within  the  shell.  ,  One  of  these  mem- 
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Fio.  219. — A  group  of  lizard-like  n-ptiles  (Casca)  from  the  Permian  of  north  Texas. 
These  animals  attained  a  length  of  about  4  feet.  (C.  R.  Knight,  Field  Museum  of  Natural 
History.) 

branes,  the  amniouj  serves  as  a  sort  of  water  bag  over  the  delicate  embryo, 
preventing  its  drying  up,  and  the  other  (allantois)  a  sac  with  numerous 
small  blood  vessels  that  functions  as  a  respiratory  organ,  the  air  passing 
readily  through  the  porous  outer  shell.  Food  supply  during  embryonic 
growth  is  supplied  by  yolk  substance  within  the  egg.  The  significance 
of  these  structures  is  exceedingly  great  as  regards  conquest  of  the  lands 
by  vertebrate  life,  for  the  reptiles  and  their  descendants,  birds  and 
mammals,  were  liberated  from  dependence  on  aquatic  surroundings  for 
growth  in  the  egg  and  first  life  stages  after  birth.  A  few  reptiles  give 
birth  to  the  young  fully  formed. 

The  primitive,  first-known  reptiles  in  rocks  of  Pennsylvanian  age 
were  very  like  amphibians,  for  the  limbs  were  short  hardly  lifting  the 
squat,  plump  body  above  ground.  The  head  was  armor- plated  like  that 
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of  the  stegocephalians.  The  tail  was-  generally  long,  the  hand  and  foot 
five-fingered,  and  the  body  probably  scale-covered  but  not  armored. 
The  teeth  were  mostly  large,  sharply  pointed,  and  in  some  cases  dis- 
tinctly curved  backward,  of  use  in  catching  and  holding  flesh.  Most 
of  the  Late  Paleozoic  reptiles  were  certainly  carnivorous,  but  in  a  few  the 
teeth  were  rounded  and  blunt. 

The  amphibian-like  Pennsylvanian  and  Early  Permian  reptiles  (called 
cotylosaurs)  are  the  stem  from  which,  at  about  the  beginning  of  Permian 
time,  branched  other  reptilian  types  with  higher,  more  lightly  built  skulls, 
longer  legs,  and  variously  different  skeletal  characters. 

Many  of  the  Early  Permian  reptiles  were  evidently  sluggish  creatures, 
but  others  were  moderately  active.  Judging  from  general  form  and 
especially  from  characters  of  limbs  and  teeth,  some  waddled  about  along 
the  shallow  streams  or  in  swampy  places,  probably  feeding  on  inverte- 


FIG.  220. — Skeleton  and  restoration  of  the  large  fin-backed  reptile  Dimetrodon  which 
attained  a  length  of  about  8  feet.  (Skeleton,  American  Museum  of  Natural  History.  Res- 
toration, C.  W.  Gilmore,  U.  S.  National  Museum.) 

brates  and  grubbing  succulent  roots  and  stems.  Others  suggest  the  later 
insectivores.  At  least  one  type,  with  form  much  like  the  modern  lizard, 
had  well-formed  slender  limbs  adapted  for  swift  running,  the  leg  bones 
being  light  and  hollow  as  in  birds.  Williston  thinks  that  this  creature 
may  have  been  partly  arboreal.  A  few  reptiles  returned  to  the  open 
waters  to  compete  with  and  probably  prey  upon  fishes,  perhaps  including 
types  like  those  from  which  they  themselves  had  descended  a  few  million 
years  before. 

Unlike  the  fishes  and  amphibianSj  however,  the  aquatic  reptiles  were 
exclusively  air  breathers,  for  no  reversion  from  a  higher  type  of  respiratory 
structure,  such  as  the  lungs,  to  a  lower,  such  as  gills,  is  known  in  any 
animals  that  have  once  fully  attained  the  air-breathing  habit. 

The  most  peculiarly  specialized  of  the  ancient  Paleozoic  reptiles  were 
the  fin-backed  pelycosaurs  (like  Dimetrodon),  some  of  which  attained 
a  length  of  at  least  8  feet.  Along  the  back  was  a  high  fin  supported  by 
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bony  spines  of  the  vertebrae,  the  longer  fin  spines  being  as  much  afc 
3  feet  high.  In  the  so-called  "ship  lizard"  (Naosaurus)  these  spines 
bore  horizontally  projecting  prongs  that  slightly  suggest  the  spars  of  a 
square-rigged  sailing  vessel.  Most  of  these  animals  werfe  carnivorous 
and  they  lived  exclusively  on  land.  It  is  not  apparent  that  the  dorsal 
fin  was  advantageous  for  either  offensive  or  defensive  purposes.  The 
pelycosaurs  first  appeared  in  Late  Pennsylvanian  time  and  became  extinct 
before  the  end  of  the  Permian  period. 

Another  interesting  group  which  is  much  more  important  from  an 
evolutional  standpoint  is  the  Therapsida,  among  which  are  some  (espe- 
cially the  group  called  theriodonts)  with  teeth  differentiated  into  types 
almost  exactly  corresponding  to  the  incisors,  canines,  and  molars  of 
mammals.  The  skull  has  a  distinctly  mammalian  appearance  which 
contrasts  strongly  with  that  of  the  ordinary  reptile  with  jaws  armed  with 
teeth  that  are  all  of  the  same  kind.  The  first  mammals,  the  oldest  known 
occurring  in  Triassic  rocks,  are  believed  to  have  sprung  from  this  stock. 
Other  theriodonts  gave  rise  to  some  of  the  higher  types  of  reptiles  which 
dominated  the  lands  in  Mesozoic  time. 

LATE  PALEOZOIC  PLANT  LIFE— THE  AGE  OF  FERNS  AND  SCALE  TREES 

Until  the  early  part  of  the  Devonian  period  the  fossil  record  of  plant 
life  is  restricted  to  seaweeds  of  various  sorts  and  other  primitive  vegeta- 
tion belonging  to  the  thallophyte  class.  We  now  come  to  a  most 
interesting  and  remarkable  representation  of  plants  that  lived  on  land, 
In  the  Devonian  is  a  peculiar  group,  known  as  the  Psilophyta,  which  is 
quite  unlike  any  other  class  of  plants  but  gives  evidence  in  its  generalized 
characters  of  ancestral  relationships  to  various  later  forms  of  vegetation. 
And  there  are  ferns  of  several  types  and  lepidophyte  trees,  the  latter 
having  trunks  more  than  3  feet  in  diameter  and  probably  40  feet  tall. 
The  Mississippian  and  Pennsylvanian  periods  mark  the  culmination  of 
this  ancient  land  flora,  when  there  was  greatest  variety  and  when  maxi- 
mum sizes  in  plants  of  low  orders  were  attained.  Many  of  the  shale 
deposits  near  coal  beds  furnish  an  extremely  rich  and  beautifully  pre- 
served record  of  these  plant  growths.  Permian  time  is  chiefly  charac- 
terized by  the  waning  or  disappearance  of  the  earlier  plants,  the  expansion 
of  early  types  of  conifers,  and  the  development,  especially  in  the  Southern 
Hemisphere,  of  a  cool-climate  flora  in  which  certain  rather  coarse  fernlike 
plants  dominated.  This  was  a  time  of  great  change  leading  up  to  the 
different-looking  floras  of  the  Mesozoic  era.  There  is  space  in  our  study 
for  introduction  to  only  the  most  important  types  of  Paleozoic  plants. 

The  first  definitely  known  land  flora  comes  from  the  Lower  and 
Middle  Devonian  rocks  of  eastern  Canada,  Maine,  Montana,  Scotland, 
and  central  Europe.  This  is  the  Psilophyta  group,  already  mentioned, 
fossil  remains  of  which  were  first  discovered  many  years  ago  by  the 
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Canadian  geologist  Sir  William  Dawson.  Psilophyton  was  a  naked, 
leafless  plant  with  a  woody  stem  half  an  inch  or  less  in  diameter  and 
fairly  numerous  branches  rising  2  feet  or  more  from  the  ground  (see  Fig. 
230).  The  tips  of  the  younger  branches  twisted  in  a  coil  like  new  fern 
leaves,  and  some  of  the  branches  bore  at  the  end  small,  elongate  pods  or 
cases  containing  the  reproductive  spores.  The  stems  have  breathing 
pores  (stomatd)  such  as  occur  in  the  leaves  of  higher  plants,  and  the  cell 
structure  shows  the  presence  of  a  vascular  system  that  serves  as  a  means 
of  transmission  of  water  and  nourishment  derived  from  the  underground 
portion  of  the  plant.  The  latter  did  not  consist  of  true  roots  but  was  a 


Psilophyton         Rhyme     Horned          Asteroxylon 
FIG.  221. — Types  of  oldest  known  land  plants,  of  Devonian  age. 

horizontal  stem  or  runner  (rhizome)  bearing  small  rootlets.  In  various 
ways  there  is  indication  here  of  the  adaptation  of  an  originally  algal 
type  of  aquatic  plant  to  a  moist  environment  on  the  land,  and  there  is  a 
beginning  of  the  all-important  structures  that  enable  land  plants  to 
thrive. 

Recently  some  interesting  discoveries  of  well-preserved  plants  (Rhynia,  Horned) 
related  to  that  just  described  have  been  made  in  a  Middle  Devonian  silicified  peat 
bed  in  Scotland.  These  plants  are  likewise  leafless  and  they  bear  spore  cases  at  the 
tips  of  the  branches.  Another  type  (Asteroxylon)  was  completely  covered  with  tiny, 
spinelike  leaves,  however.  It  resembles  the  club  mosses  (Lepidophyta)  to  be  dis- 
cussed later  and  may  be  related  to  this  group  which  occupied  a  leading  place  in  the 
Carboniferous  floras. 

Ferns  (Pteridophytd). — Ferns,  which  are  generally  distinguished  by 
the  form  of  their  leaves  with  numerous  branching  leaflets,  and  by  the 
presence  of  spore  clusters  on  the  under  side  of  leaves  or  on  specialized 
fronds,  are  represented  by  some  six  thousand  living  species  that  range 
in  size  from  very  minute,  delicate  forms  to  tropical  tree  ferns  50  feet  high. 
The  spores  are  produced  in  almost  incredible  numbers,  a  single  plant 
sometimes  liberating  20  to  50  millions. 

As  far  as  now  known,  ferns  made  their  appearance  in  the  early  part  of  Devonian 
time,  though  the  forms  attributed  to  the  group  are  so  simple  and  undifferentiated  that 
they  may  be  nearly  equally  related  to  other  low  orders  of  vascular  plants.  Archaeop- 
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teris,  a  fern  with  a  large  pinnate  frond,  bearing  wedge-shaped,  obliquely  set  leaves  and 
oblong  spore  cases  (sporangia),  is  characteristic  of  the  Upper  Devonian  and  is  world- 
wide in  distribution.  Many  of  the  earlier  ferns  produced  sporangia  without  rings  and 
find  their  nearest  living  relatives  in  the  essentially  tropical  family  Marattiaceae. 
Some  of  the  fernlike  types  of  Early  Pennsylvanian  time  include  climbing  plants  of 
tropical  aspect,  many  of  which  suggest  lianas.  Others  among  the  climbing  forms 
were  of  filmy  delicacy. 


m. 


FIG.  222. — Representative  types  of  Late  Paleozoic  ferns. 


In  the  Pennsylvanian  period  came  the  elaboration  of  a  great  group  of  compound 
fronds  typified  in  the  genus  Pecopterix.  The  leaves,  strikingly  similar  in  form  to  some 
of  the  ferns  of  the  present  day,  were  in  some  instances  very  large.  Certain  leaves  of 
this  type  found  in  Upper  Pennsylvanian  and  Permian  beds  were  borne  at  the  tops 
of  long  trunks  which  attained  diameters  of  30  inches  or  more.  These  tree  ferns  were 
provided  with  an  extremely  thick  outer  zone  of  protective  and  water-storing,  root- 
like  appendages,  forming  what  is  known  as  the  ramentum.  The  fronds  of  some  of  the 
tree  ferns,  which  were  as  large  and  beau!  it'ul  as  any  no\v  living,  were  12  feet  in  length, 
and  the  young  fronds  unrolled  in  the  fashion  of  modern  ferns.  Maximum  develop- 
ment of  the  tree-fern  group  was  attained  in  the  Pennsylvanian  period. 
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Seed  Ferns  (Pteridospermophytd). — Some  years  ago  a  very  surprising 
paleobotanical  discovery  was  made  when  specimens  that  looked  like 
ordinary  ferns  and  had  always  been  taken  for  ferns  proved  to  have  true 
seeds  instead  of  spores.  Separated  seeds  are  not  uncommon  in  some 
Carboniferous  beds  but  it  was  not  suspected  that  any  of  the  ferns  belonged 
with  seed  plants.  Now  it  is  clear  that  many  of  these  seeds  of  previously 
unidentified  origin  come  from  the  seed  fern,  and  it  is  possible  that  some  of 
the  fern  species  known  at  present  only  by  their  foliage  may  prove  ulti- 
mately to  be  seed-bearing  and  thus  not  true  ferns  at  all. 

The  oldest  known  seed  ferns  come  from  Middle  Devonian  strata  of  southeastern 
New  York.  Some  fifty  years  ago  several  fossil  tree  trunks  were  found  in  these  rocks 
near  the  little  town  of  Gilboa.  They  were  recognized  as  ferns,  but  not  until  1920, 


FIG.  223. — Leaves  of  two  common  types  of  Pennsylvania!!  ferns.      (Charles  Butts,  Alabama 

Geol.  Survey.) 

when  scores  of  additional  specimens,  together  with  foliage  and  seeds,  were  unearthed 
in  building  a  large  dam  at  this  place,  was  it  learned  that  there  existed  here  a  veritable 
seed-fern  forest.  As  many  as  1 8  stumps,  4  or  5  feet  tall  and  1  to  3jHj  feet  in  diameter 
were  found  in  a  space  50  feet  square.  These  seed-fern  trees,  called  Eospermatopteris 
(dawn  seed  fern),  are  believed  to  have  grown  to  a  height  of  about  40  feet,  and  some  of 
the  great  leafy  fronds  at  the  top  were  fully  6  feet  long  (see  Fig.  230), 

The  best-known  Carboniferous  seed  fern  is  Lyginopteris,  a  fairly  common  plant  in 
the  earlier  Coal  Measures  of  both  Europe  and  America.  It  had  a  slender  stem,  2 
inches  or  less  in  diameter,  and  was  not  nearly  so  tall  as  its  Devonian  predecessor  just 
described.  The  leaves,  up  to  3  feet  in  length,  and  the  seeds  were  essentially  like  those 
of  other  seed  ferns.  « 

This  interesting  group  of  plants  must  have  originated  some  time  before  the  Late 
Devonian,  in  which  highly  developed  types  occur,  and  it  disappeared  before  the  close 
of  the  Paleozoic.  Sinee  resemblance  to  the  true  ferns  is  so  close  that  distinction  rests 
solely  on  the  nature  of  the  fruiting  organs,  it  is  thought  by  some  that  true  ferns  were 
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ancestors  of  the  seed  ferns,  but,  if  they  were,  the  time  of  branching-off  must  have  been 
in  the  Middle  Devonian  or  earlier. 

Scale  Trees  (Lepidophyta). — A  dominant  and  certainly  one  of 
the  most  striking  elements  in  the  Late  Paleozoic  floras  was  the  scale 
tree  or  lepidophyte,  represented  at  present  by  the  lowly  club  mosses  and 
their  allies  which  creep  along  the  ground.  In  Pennsylvanian  time, 
however,  this  group  was  represented  by  splendid  trees  more  than  a 


vegetative 
pollen-sacs         frond 


FIG.  224. — One  of  the  bestrknown  seed  ferns,  Lyginopteris,  of  Pennsylvanian  age.     (After 

Scott.) 

hundred  feet  in  height.  The  lepidophytes  are  distinguished  by  rather 
short,  stiff,  scaly  or  needle-like  leaves  that  cover  densely  all  of  the  trunk 
and  branches  excepting  parts  from  which  the  old,  dead  spines  have 
dropped  off.  The  leaves  of  the  large  fossil  species  not  uncommonly 
attained  a  length  of  6  or  7  inches  and  were  sometimes  nearly  half  an  inch 
wide  at  the  base,  which  was  roughly  diamond-shaped.  The  place  of 
attachment  of  each  leaf  was  marked  by  a  distinctive  scar,  the  form  of 
which  varies  somewhat  iu  different  species.  In  the  trees  known  as 
Lepidodendron,  these  scars  were  arranged  in  regularly  intersecting  oblique 
rows,  but  in  Sigillaria,  which  was  also  a  very  important  type,  the  scars 
were  dominantly  in  vertical  series.  Leaves  belonging  to  this  latter 
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genus  were  in  some  cases  much  longer  than  in  Lepidodendron,  excep- 
tionally reaching  a  length  of  3  feet.  Some  of  the  Sigillarias  were  short, 
stocky,  and  unbranched,  a  trunk  6  feet  in  diameter  at  the  base  tapering 
to  the  top  less  than  20  feet  above  ground.  Others  were  tall  and  slender. 
One  unbranched  specimen  200  feet  long  is  reported .  The  Lepidodendrons 
commonly  bore  branches  in  the  upper  part  but  the  branches  were  far  less 
numerous  than  in  modern  trees. 

The  lepidophytes  bear  spores  which  grow  in  cones,  appearing  in 
Lepidodendron  at  the  ends  of  the  branches  but  in  Rigillaria  in  a  whorl 


Fit;.  21^5. — A  portion  of  the  trunks  of  common  types  of  great  lepidophyte  trees  that 
were  world-wide  in  Late  Paleozoic  time.  Note  the  nature  and  the  arrangement  of  the  leaf 
scars  on  these  specimens,  which  are  Pennsylvanian  types.  (Charles  BtUts,  Alabama  GeoL 
Survey.) 

around  the  stem  or  in  vertical  rows.  In  the  first  group  some  cones 
reach  a  length  of  20  inches;  in  the  second  the  maximum  is  about  12 
inches.  The  cones  must  have  been  produced  in  great  numbers  to  account 
for  the  great  quantity  of  spores  and  spore  cases  which  largely  make  up 
the  material  of  certain  coal  beds  (especially  the  cannel  coals).  There 
were  large  underground  parts  consisting  of  rhizome-like  roots  that 
successively  fork  in  two.  Though  rootlike  in  appearance,  they  lack 
true  root  structure.  Small  rootlets  were  attached  to  them  and,  because 
of  the  circular  scars  made  by  these,  and  underground  branches,  which 
cannot  be  distinguished  when  found  separately  from  the  Lepidodendron 
or  Sigillaria  trunks  that  they  supported,  are  called  Stigmaria.  Many 
stumps  are  found  standing  in  the  places  where  they  originally  grew. 

The  history  of  tlu>  Irpidophyte  trees,  -is  represented  1>\  known  fossils,  begins  in  the 
I'ppor  IVvoru.-ui  \\hen  a  plant  called  1'rotolt'pulodt'tulron  (first  lepidodendron)  lived 
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in  western  New  York,  Pennsylvania,  and  Europe  (see  Fig.  230).  One  of  the  best 
specimens  is  a  trunk  some  18  feet  long,  tapering  from  a  diameter  of  1  foot  at  the  base 
to  3  inches  at  the  top.  When  living,  it  was  probably  35  feet  or  more  tall.  The  leaf 
scars  on  the  lower  part  of  the  trunk  are  like  those  of  some  kinds  of  Sigillaria,  but  on 
the  upper  portion  of  the  tree  they  were  more  like  those  of  Lepidodendron.  In  the 
Mississippian  and  Pennsylvania!!  periods  this  group  expanded  enormously,  not  only 
becoming  one  of  the  most  common  and  widespread  types  of  plant  life  but  developing 
into  several  scores  of  different  species.  The  trunk  of  a  giant  Lepidodendron  of  Missis- 
sippian age  found  in  an  English  coal  mini4  im  asured  114  feet  up  to  the  first  branches 
and  the  crown  extended  at  least  20  fort  higher.  Many  of  the  Pennsylvanian  species 
had  trunks  up  to  4  feet  in  diametor  and  were  probably  more  than  100  feet  tall  when 
living.  Lepidodendron  is  reported  to  have  lived  on  into  the  Permian  and  Sigillaria 
is  represented  in  the  Early  Triassic  by  Pleuromeia.  It  disappeared  before  the  end  of 
this  period. 


FIG.  226. — Coalified  stump  of  a  lepidophyto  tree  standing  in  the  position  of  growth.      ( U.  S. 

National  Museum.) 

Horsetail  Rushes  (Arthrophytd) . — The  so-called  horsetails  are 
plants  with  numerous  unbranched,  hollow,  jointed,  and  ribbed  steins. 
Most  of  the  modern  species,  about  25  in  number,  are  less  than  3  feet 
tall  but  one  in  South  America  has  stems  an  inch  in  diameter  and 
30  to  40  feet  tall.  This  group  was  very  well  represented  in  the  Carbonifer- 
ous and  Permian  floras  of  all  parts  of  the  world,  the  trunks  being  generally 
known  as  Catamites.  Most  of  these  ancient  horsetails  were  very  much 
larger  than  their  living  descendants,  some  attaining  a  diameter  of 
3  feet  and  a  height  of  fully  100  feet.  They  occur  mainly  as  flattened 
impressions  and  as  sandstone  molds  of  the  hollow  stems.  The  upright 
trunks  grew  from  a  prostrate,  horizontal  stern  and  it  is  evident  that  they 
thrived  in  wet  or  swampy  sandy  soils.  At  the  nodes  along  the  stem  were 
branchlets,  often  arranged  in  whorls,  and  these  bore  circlets  of  leaves 
(Annularia  or  Asterophyllites)  at  their  nodes.  Reproduction  was  carried 
on  by  means  of  spores  that  grew  mostly  in  long  narrow  cones.  Probably 
there  were  many  jungle-like  areas  of  these  calamites,  resembling  on  an 
enlarged  scale  the  dense  southern  canebrakes,  and  comparable  to  the 
bamboo  thickets  of  today. 

The  Pennsylvanian  and  Permian  are  characterized  by  the  presence 
of  an  interesting  and  unique  order  known  as  the  Sphenophytlales.  They 
embrace  angular  jointed  and  irregular  branching  stems  bearing  verticils 
of  wedge-shaped  leaves,  generally  six  to  the  joint,  in  the  upper  part  of 
the  plant.  The  steins  included  a  large  central  solid  triangular  axis 
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built  up  from  the  angles,;  the  fruit  consisted  of  small  slender  cones  in 
which  the  sporangia  were  arranged  in  rows  on  the  axils  or  on  the  upper 
surface  along  the  midrib  of  the  slender  pointed  bracts.  It  has  been 
thought  by  many  that  Sphenophyllum  was  a  strictly  aquatic  plant,  but  on 
account  of  its  structural  features  this  has  been  questioned  (Fig.  84). 

Cordaites. — Another  conspicuous  Late  Paleozoic  plant  is  an  unfamiliar 
tree  known  as  Cordaites.  It  was  distinguished  by  a  tall,  slender  trunk, 
rarely  2  feet  in  diameter  but  30  to  100  feet  high.  Branches  occurred 
only  near  the  top  and  they  bore  a  thick  mass  of  leaves  which  in  some 


FIG.  227.— -Stem  and  leaves  of  Pennwy Iranian  horsetail  rushes.  The  stem  here  shown 
is  really  the  sand  filling  of  the  hollow  interior  of  the  plant  and  it  is  therefore  an  internal 
mold.  (Charles  Butts,  Alabama  Geol.  Survey.)  The  circlets  of  leaves,  as  shown  at  left, 
grew  outward  from  the  nodes  of  the  stem.  (M.  K.  Elias,  Kansas  Geol.  Survey.) 

species  were  strap-  or  paddle-shaped,  round-pointed,  and  up  to  3  feet 
long,  and  in  others  short  or  fan-shaped  and  15  inches  wide.  In  the 
center  of  the  trunk  was  a  wide  pith  cavity,  the  woody  part  outside  being 
made  of  long,  thick-walled  cells  that  show  little  or  no  development  of 
growth  rings.  This  indicates  that  the  climate  in  which  the  cordaites 
lived  was  equable,  without  strongly  contrasting  seasons  such  as  prevail 
in  cool  temperate  regions.  The  cordaites  were  seed-bearing  plants  that 
are  undoubtedly  related  to  seed  ferns,  cycads,  and  modern  conifers. 
They  were  exceedingly  widespread  in  the  Carboniferous  and  Permian 
of  both  hemispheres.  Rarely,  they  were  locally  so  abundant  that  certain 
coal  beds  are  composed  almost,  exclusively  of  their  remains.  Continuing 
int  o  t  ho  Permian,  they  mostly  disappeared  before  the  end  of  the  Paleozoic, 
jbut  a  few  survivors  are  known  in  the  Trjassic  period, 
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Conifers  (Coniferophyta). — The  conifer  group,  represented  abun- 
dantly in  post-Paleozoic  geologic  history  and  in  modern  times  by  the 
pines,  spruces,  firs,  and  many  other  trees,  was  represented  by  several 
rather  primitive  types  in  the  Permian  and  by  a  few  in  the  Pennsylvanian. 
Information  concerning  these  most  ancient  conifers  is,  however,  rather 
incomplete.  One  type,  called  Walchiay  had  branches  with  numerous 
slender  branchlets  extending  out  approximately  parallel  and  fernlike  in 
a  flat  development,  all  densely  clothed  with  short  needle-like  leaves. 
Walchia  was  abundant  and  very  widely  distributed  in  Permian  time. 
About  a  dozen  other  probable  conifers  have  been  described  from  late 
Paleozoic  rocks. 


FIG.  228. — Remarkable  specimens  of  conifer  branches  (Walchia)  from  the  Upper  Pennsyl- 
vanian rocks  of  Kansas.      (^f.  K.  Elias,  Kansas  Geol.  Survey.) 

The  Glossopteris  Flora. — The  great  climatic  changes  which  occurred 
in  Permian  time,  marked  by  arid  regions  and,  especially  in  the  Southern 
Hemisphere,  by  widespread  glaciation,  naturally  had  a  profound  influence 
on  plant  life.  In  Australia,  southern  Asia,  Africa,  and  South  America 
the  assemblage  of  plants  so  characteristic  of  the  Carboniferous  of  the 
northern  lands  practically  disappeared,  and  there  developed  instead 
others  that  were  better  able  to  cope  with  the  new  environment.  A  domi- 
nant type  in  this  group  was  a  coarse-leaved  fern  named  Glossopteris 
which  had  a  creeping  stem  and  simple  undivided  leaves,  an  inch  or  two 
to  20  inches  long.  Glossopteris  is  common  in  the  Permian  of  most  of 
the  Southern  Hemisphere.  Specimens  of  it  were  collected  by  the  Scott 
Antarctic  expedition  within  a  few  degrees  of  the  South  Pole.  The 
genus  survived  into  the  Jurassic  period.  A  less  abundant  but  even 
more  widespread  genus  which  also  was  distinctive  of  this  Paleozoic 
flora  is  Gangamopteris,  which  likewise  has  coarse,  simple  leaves,  dis- 
tinguished from  Glossopteris  by  their  rounder  form  and  the  absence  of 
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a  midrib.  A  few  lepidophytes  and  conifers  of  tree  si/e  are  associated 
with  Gangamopteris  in  the  so-called  early  Gondwana  flora  of  the  Southern 
Hemisphere. 

Climatic  Significance  of  Plants.  —  The  effect  of  climate  and  environ- 
ment on  plants  of  today  is  more  or  less  familiar  to  everyone.  Moisture, 
temperature,  and  the  character  of  the  soil  are  the  most  important  factors 
in  determining  the  nature  of  the  vegetation  in  any  given  place.  Accord- 
ingly as  regards  moisture,  we  recognize,  at  one  extreme,  water  plants 
(hydrophytes)  like  the  stonewort  (Chara)  and  the  waterlily,  and,  at  the 
other,  desert  plants  (xerophytes)  like  the  cactus  which  grows  only  in  arid 
or  semiarid  areas.  The  structure  and 
appearance  of  plants  may  be  modi- 
fied greatly  as  a  result  of  this  adapta- 
tion. As  regards  temperature,  the 
evident  contrast  between  tropical 
floras,  with  palms  and  numerous  other 
plants  that  cannot  endure  cold,  and 
the  stunted  evergreens,  alpine  shrubs, 
and  other  hardy  plant  life  of  arctic 
or  high-mountain  districts,  needs 
merely  to  be  mentioned.  Many  plant 
species  are  adapted  to  intermediate 
conditions  such  as  prevail  in  most 
of  the  temperate  climatic  zones. 
They  may  stand  successfully  a  cold 
winter  season  or  alternating  dry  and 
wet  seasons,  growth  being  retarded 
in  the  unfavorable  months.  This  re-  *IG.  ^y.—  weaves  01 


suits   in    development   of   growth   rings    ^Oloeaopteria.     (One-fourth   natural 

in  the  structure  of  trunks  and  limbs, 

and  it  is  accordingly  easy  to  distinguish  a  tree  that  grew  under 
changing  seasonal  conditions  from  one  that  lived  in  a  somewhat  uniform 
climatic  environment.  Certain  kinds  of  plants  have  become  so  adapted 
to  these  different  types  of  surroundings  that  they  require  them,  and  their 
presence  in  a  given  flora  may  furnish  basis  for  inferences  concerning 
climate.  Altogether,  the  relationship  of  plants  (and  animals)  to  environ- 
ment is  a  rather  complex  subject  which  the  biologist  designates  as  a 
special  field  of  scientific  research  (ecology).  Fossil  plants  were  certainly 
affected  by  climate  in  about  the  same  fashion  as  their  living  descendants 
and  we  have,  therefore,  a  clue  to  ancient  climates  that  supplements  and 
corroborates  conclusions  based  on  other  lines  of  evidence. 

Cold,  even  frigid,  climates  during  parts  of  Pennsylvanian  and  Permian 
time  in  the  Southern  Hemisphere  are  abundantly  witnessed  by  widespread 
glacial  deposits.  The  characters  of  the  Glossopteris-fiangamopteris  flora 
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likewise  indicate  a  cool  climate  rather  unfavorable  for  plants.  Aridity, 
which  is  locally  indicated  by  salt  and  gypsum  deposits  that  resulted  from 
prolonged  desiccation  and  by  associated  thoroughly  oxidized  red  sedi- 
ments, is  not  ordinarily  shown  by  plants,  probably  mainly  because 
conditions  are  very  unfavorable  for  fossilization.  We  do,  however,  find 
leathery,  small-leaved,  spine-bearing  plants  that  lived  presumably  in  this 
sort  of  environment. 

1?he  abundant  and  varied  flora  of  Carboniferous  times,  including 
many  gigantic  trees,  is  interpreted  to  signify  a  moderately  warm  moist 
climate  that  in  general  lacked  pronounced  seasonal  variation,  for  growth 
rings  are  almost  entirely  absent  from  the  woody  trunks  found  in  many 
regions,  especially  in  the  Early  Pennsylvanian.  The  nearly  world-wide 
distribution  of  many  plant  species  shows  that  environmental  conditions 
must  have  been  strikingly  uniform  over  immense  areas. 

SUMMARY  OF  LIFE  DEVELOPMENT  IN  LATE  PALEOZOIC  TIME 

Outstanding  features  of  the  life  of  Late  Paleozoic  time  are  increased 
prominence  of  vertebrates  and  the  appearance  of  many  kinds  of  land 
plants.  The  vertebrates  include  a  variety  of  marine  and  fresh-water 
fishes,  but  especially  important  are  the  first  four-legged  creatures  of  the 
land,  the  amphibians,  and  the  more  highly  organized  class  derived  out 
of  them,  the  reptiles.  The  land  plants  are  primitive  as  compared  with 
modern  floras  but  the  variety  of  species  is  large  and  some  kinds  grew  to 
heights  of  more  than  100  feet.  Marine  invertebrates  were  quite  as 
abundant  and  varied  as  in  Early  Paleozoic  time,  although  there  were 
changes  in  the  relative  importance  of  different  groups. 

Devonian  Period. — The  Devonian  period  is  often  designated  as  the 
"  Age  of  Fishes  "  because  of  the  great  advancement  along  many  lines  that 
is  witnessed  by  fossil  fishes  of  this  period.  There  are  numerous  repre- 
sentatives of  the  shell-encased  ostracoderms,  various  kinds  of  sharks, 
the  jointed-neck  arthrodires,  lungfishes,  and  the  enamel-scale  crossopter- 
ygian  fishes.  Out  of  the  last-named  group  were  probably  developed  the 
first  amphibians,  and  evidence  of  footprints  in  Upper  Devonian  rocks 
indicates  that  the  beginning  of  the  amphibians  belongs  as  far  back  as 
Devonian  time. 

In  so  far  as  the  invertebrates  are  concerned,  the  Devonian  period  is 
characterized  by  the  abundance  and  variety  of  corals,  by  the  peak  of 
development  of  brachiopods,  and  by  the  advance  of  ammonoid  cephalo- 
poda to  a  well-defined  goniatite  stage,  characterized  by  moderately  curved 
and  angulated  sutures.  Trilobites  are  much  less  numerous  than  in  the 
Early  Paleozoic  subera,  but  there  are  some  large  and  highly  specialized 
kinds.  Crustaceans  of  the  eurypterid  type  reach  a  length  of  more 
than  6  feet. 
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The  oldest  definitely  known  land  plants  are  leafless  woody  stems  found 
in  Early  and  Medial  Devonian  rocks.  Upper  Devonian  strata  contain 
tree  ferns  with  very  large  fronds,  seed  ferns,  and  primitive  scale  trees. 
A  forest  of  seed-fern  trees  is  known  from  numerous  stumps  in  south- 
eastern New  York. 

Mississippian  Period. — There  were  many  fishes,  especially  sharks, 
in  Mississippian  time.  Amphibians  lived  in  waters  of  the  land,  and 
among  them  were  the  first  of  the  stegocephalians,  characterized  by  the 
heavy  bony  armor  of  the  head. 


FIG.  230. — A  late  Devonian  landscape  in  New  York. 

The  seemingly  bare-limbed  tree  with  curving  branches  is  the  earliest  known  lepidophyte  tree, 
Protolcpidodendron.  Small  scalehke  leaves  clothe  the  trunk  and  branches.  The  tall  palmliko  tree  at 
right  is  the  "dawn  seed  fern"  Eosprrmatopteria.  In  the  left  foreground  are  horsetail  rushes,  Catamites, 
and  near  the  center  foreground  is  a  clump  of  Psilophyton  with  curled  tips  of  the  branchlets.  (C.  R. 
Kniyht,  I'1  \ fid  Museum  of  Natural  Ifixtory.) 

Crinoids  of  the  cameratc  group,  distinguished  by  thp  proportionately 
large  size  of  the  calyx,  culminated  explosively  in  the  Medial  Mississippian 
epoch  and  rocks  of  this  age  are  especially  characterized  by  prominence 
of  these  fossils.  Blastoids,  also,  became  very  abundant  in  Mississippian 
time  and  then  virtually  disappeared.  There  are  very  many  kinds  of 
bryozoans,  especially  of  the  delicate  lacy  type  (fenestellids),  and  a 
number  of  peculiarly  specialized  kinds  like  the  screw-axis  Archimedes 
are  known.  Among  brachiopods,  which  were  still  very  numerous,  the 
appearance  of  Product  us  and  closely  allied  genera  is  noteworthy,  because 
shells  of  this  group  dominated  shallow-water  faunas  of  the  world  in 
Mississippian,  Permsylvaniun,  and  Permian  time.  Trilobites  are  reduced 
to  an  insignificant  element  in  1  ho  marine  life. 
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Land  plants  of  Mississippian  age  include  a  large  number  of  ferns, 
scale  trees,  horsetail  rushes  (calamites),  and  the  trees  called  cordaites. 
The  flora  is  intermediate  in  character  between  that  of  the  Late  Devonian 
and  the  culminating  development  of  Late  Paleozoic  land  plants  during 
Pennsylvanian  time. 

Pennsylvanian  Period. — Large  and  small  amphibians  are  dominant 
land  animals  of  the  Pennsylvanian  period,  the  stegocephalians  being 


FIG.  231. — A  Permian  landscape  in  north  central  Texas.  The  animals  in  the  view  are 
the  amphibian  Eryops.  In  the  left  foreground  are  horsetail  rushes,  Calamites.  The  tree 
at  right  is  a  Sigillaria.  * 

the  most  important  group.     There  are  also  primitive,  amphibian-like 
reptiles. 

The  invertebrate  faunas  of  Pennsylvanian  age  are  similar  in  general 
constitution  to  those  of  the  preceding  period  except  that  camerate  crinoids 
are  absent  and  blastoids  do  not  occur  much  above  the  base.  Among 
protozoans  there  is  the  introduction  of  the  "  wheat-grain "  fusulinids 
which  include  many  species  and  an  amazing  richness  in  numbers.  Bryo- 
zoans  and  brachiopods  are  abundant,  the  latter  containing  especially  an 
abundance  of  productids.  There  is  a  great  advancement  in  the  com- 
plexity of  suture  pattern  in  the  ammonoid  cephalopods  which  are  adapted 
to  serve  as  guide  fossils  for  various  zones.  Cockroaches  are  a  leading 
group  of  insects. 
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plant  fossils  of  Pennsylvjiriian  age  give  a  remarkable  picture 
of  land  vegetation,  especially  of  the  lowland  swampy  areas  in  which  the 
many  coal  beds  were  formed.  Of  nearly  equal  prominence  are  the  great 
scale  trees  (chiefly  Lepidodendron  and  Sigillaria)  and  the  ferns,  including 
seed  ferns.  Calamites  and  cordaites  grew  to  a  height  of  more  than  100 
feet  in  some  cases.  The  first  of  the  conifers  occur  here.  The  flora  is  a 
very  rich  one,  and  it  is  much  the  same  in  the  Old  World  and  the  New, 
and  in  high  latitudes  and  low. 

Permian  Period. — Stegocephalian  amphibians  continued  to  be 
important  in  the  land  life  of  Permian  time  but  the  most  important  place 
was  now  occupied  by  the  reptiles.  There  were  many  different  kinds  of 
reptiles,  some  of  which  show  considerable  specialization.  One  group 
shows  characters  that  are  very  suggestive  of  the  mammals,  and  it  is 


Fio.  232.— Fin-backed  reptiles  termed  pelycosaurs,  from  the  Permian  of  north  Texan. 
The  individual  in  left  front  is  the  "ship  lizard"  Naosaurus.  The  others  are  Dimctrodon. 
(C.  R.  Knight,  Fidd  Museum  of  Natural  History.) 

likely  that  the  first  of  the  mammals  may  date  back  to  Paleozoic  time. 
The  chief  localities  for  Permian  fossil  reptiles  are  northern  Texas  and 
South  Africa. 

The  invertebrates  of  Permian  time  include  the  end  products  of  various 
Paleozoic  groups  and  also  certain  of  the  stocks  that  with  various  modifica- 
tions lived  on  into  the  Mesozoic.  In  the  Permian  period  occur  the  last 
of  the  fusulinid  protozoans,  blastoids,  and  trilobites,  and  all  or  practically 
all  of  the  Paleozoic  types  of  crinoids,  corals,  echinoids,  bryozoans,  and 
brachiopods.  Gastropods  and  pelecypods  include  long-ranging  types 
that  persist  with  litftle  change  into  the  Mesozoic,  and  cephalopods  with 
increasing  complexity  of  suture  patterns  foreshadow  the  remarkable 
differentiation  of  ammonites  of  Triassic  and  succeeding  Mesozoic  time. 
A  wonderful  array  of  Permian  insects  showing  the  beginning  of  many 
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lines  of  evolution  represented  by  existing  families  is  obtained  from 
Kansas. 

The  Permian  plants  are  less  varied  than  those  of  Pennsylvanian  time 
and  they  afford  evidence  of  climatic  conditions  that  were  generally  less 
favorable  for  plant  growth.  Both  coolness  and  dryness  are  indicated. 
The  widespread  distribution  of  the  Glossopteris  flora  in  the  Southern 
Hemisphere  is  noteworthy. 
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CHAPTER  XXI 

THE  MESOZOIC  FORMATIONS 

Study  of  the  Mesozoic  portion  of  earth  history  may  be  introduced 
advantageously  by  a  brief  survey  of  the  general  nature  of  the  Mesozoic 
formations  in  North  America  and  the  other  continents,  the  chief  regions 
of  surface  distribution  of  Mesozoic  rocks,  and  the  important  charac- 
teristics of  these  regions.  We  shall  thus  gain  a  conception  of  the  broader 
features  of  Mesozoic  geology  and  provide  geographic  setting  for  a  more 
detailed  consideration  of  the  individual  systems. 

The  lithology  of  the  Mesozoic  rocks,  taken  as  a  whole,  is  not  strikingly 
dissimilar  from  that  of  the  Paleozoic  systems.  Hard  limestones  are, 
in  general,  less  prominent,  and  the  degree  of  compaction  and  consolidation 
of  the  Mesozoic  sedimentary  materials  is  perhaps  somewhat  less  pro- 
nounced. The  conditions  of  marine  and  nonmarine  sedimentation  were, 
nevertheless,  essentially  the  same.  Distinguishing  features  of  com- 
position, texture,  color,  and  mode  of  weathering  are  ready  means  of 
identifying  the  Mesozoic  deposits  in  various  regions,  when  one  is  familiar 
with  them.  The  all-important  distinguishing  character  of  Mesozoic 
rocks,  however,  is  the  nature  of  the  fossils  that  are  found  in  them.  Both 
in  the  seas  and  on  land  the  life  of  this  era  was  so  different  from  that  of 
preceding  and  succeeding  parts  of  earth  history  that  the  paleontologist 
is  able  to  recognize  the  geologic  age  of  formations  easily  and  definitely. 
The  only  exception  to  this  statement  lies  in  certain  doubtful  or  debated 
horizons  near  the  upper  and  lower  boundaries  of  the  Mesozoic  sequence 
of  beds. 

MESOZOIC  FORMATIONS  OF  NORTH  AMERICA 

Distribution. — Outcrops  of  Mesozoic  rocks  appear  in  eastern  North 
America,  at  or  near  the  coast  line,  from  Nova  Scotia  to  Alabama.  The 
areas  of  exposure  are  discontinuous,  elongate  narrow  patches  or  belts 
that  locally  touch  the  sea  in  the  north  but  that  southward  lie  at  the 
inner  margin  of  the  Coastal  Plain  or,  in  part,  occur  within  the  borders  of 
the  adjacent  Appalachian  Piedmont. 

Upper  Mesozoic  formations  appear  at  the  inner  margin  of  the  Gulf 
Coastal  Plain  in  the  southern  United  States,  but  outcrops  of  Lower 
Mesozoic  rocks  are  not  known.  All  of  the  Mesozoic  systems  are  repre- 
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seated  in  Mexico,  their  outcrops  covering  altogether  a  large  portion  of 
the  country. 

Mesozoic  rocks  are  not  known  in  the  eastern  or  central  parts  of  the 
Mississippi  Valley  region  or  in  the  Prairie  Plains  bordering  the  Great 
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FIG.  233. — Map  of  North  America  showing  the  distribution  of  Mesozoic  outcrop  areas. 

Lakes,  but  the  High  Plains  region  east  of  the  Rockies  is  mostly  underlaid 
by  Mesozoic  formations.  Eastern  New  Mexico  and  Colorado  and  the 
territory  extending  from  western  Kansas  to  far  northwestern  Canada 
contain  Cretaceous  outcrops  totaling  some  hundreds  of  thousands  of 
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square  miles.  From  the  standpoint  of  breadth  of  outcrop,  this  is  the 
chief  Mesogoic  area  of  the  continent. 

The  Rocky  Mountains  region,  with  which  the  Colorado  Plateaus  may 
be  included,  also  contain  extensive  Mesozoic  outcrops.  Because  of 
folding,  however,  or  in  some  cases  because  of  great  topographic  irregulari- 
ties, the  outcrop  belts  are  narrow  and  in  part  very  irregular. 

Finally,  we  may  note  that  Mesozoic  formations  are  prominent  along 
the  Pacific.  Border  from  the  peninsula  of  Lower  California  to  Alaska. 
These  rocks  have  been  much  disturbed  by  folding  and  faulting  in  most 
places,  and  accordingly  the  outcrops  occur  typically  in  discontinuous, 
elongate  belts.  The  exposures  occur  chiefly  in  the  Sierra  Nevada- 
Cascade  and  the  Coastal  ranges. 

General  Character  of  Mesozoic  Outcrop  Areas 

Atlantic  Border. — The  Mesozoic  sedimentary  rocks  of  the  Atlantic 
Border  region  offer  slight  resistance  to  erosion  and  consequently  form 


FIG.  234. — A  typical  part  of  the  Atlantic  Coastal  Plain.      (U.  S.  GeoL  Survey.) 

lowland  plains.  Typical  examples  in  areas  of  Triassic  rocks  are  the 
Connecticut  Valley,  the  lowland  extending  from  the  west  side  of  the 
Hudson  opposite  New  York  City  across  northern  New  Jersey,  south- 
eastern Pennsylvania,  and  part  of  Maryland  into  Virginia,  and  other 
valleys  in  Virginia  and  North  Carolina  that  trend  roughly  at  right  angles 
to  the  general  course  of  the  Atlantic  drainage.  Older  rocks,  mostly  of 
pre-Cambrian  age,  largely  or  entirely  surround  the  Triassic  valleys.  A 
noteworthy  feature  of  the  Triassic  lowlands  is  the  common  occurrence 
of  even-topped  hogback  ridges  1hat  are  made  by  sheets  of  hard  igneous 
rock  between  the  sedimentary  layers.  The  even  crest  of  the  ridges  is 
a  mark  of  former  peneplanation. 
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Late  Mesozoic  (Cretaceous)  formations  compose  the  inner  border 
of  the  Coastal  Plain  across  central  New  Jersey  and  parts  of  Maryland, 
Virginia,  the  Carolinas,  and  Georgia.  The  contrasting  characters  of 
the  weak  Mesozoic  strata  of  the  Coastal  Plain  and  the  hard,  ancient 
rocks  of  the  adjoining  Piedmont  district  on  the  west,  make  a  topographic 
boundary  that,  as  has  been  previously  noted,  is  clearly  defined  in  many 
places.  It  is  called  the  "fall  line,"  because  east-flowing  streams  have 
a  rapid  fall  in  this  part  of  their  course.  There  are  places,  however,  in 
which  the  inner  boundary  of  the  Coastal  Plain  is  not  at  all  sharply 
defined. 

Gulf  Coastal  Plains. — The  Gulf  region  includes  Mesozoic  outcrops 
at  the  inner  border  of  the  Coastal  Plain,  extending  from  central  Georgia 


FIG.  235. — Nearly  horizontal  Mesozoic  strata  are  very  widespread  in  the  Great  Plains 
region.  Outcrop  of  Cretaceous  limestone  (Greenhorn)  and  shale  (Graneros)  in  south- 
western South  Dakota.  (N.  H.  Darton,  U.  S.  Geol.  Survey.) 

westward  and  northwestward  to  a  point  near  the  mouth  of  the  Ohio 
River.  A  similar  Mesozoic  belt  crosses  part  of  southwestern  Arkansas, 
southern  Oklahoma,  and  eastern  and  southeastern  Texas.  In  a  general 
way,  the  topographic  characters  of  this  border  portion  of  the  Coastal 
Plain  are  similar  to  those  described  in  the  Atlantic  Border  district.  The 
Mesozoic  outcrops  include  only  Upper  Cretaceous  formations  in  the  Gulf 
Plain  east  of  the  Mississippi,  and  Lower  and  Upper  Cretaceous  in  the 
area  west  of  the  Mississippi ;  neither  Triassic  nor  Jurassic  rocks  are  known 
in  any  part  of  the  Coastal  Plains  region.  The  topography  in  most  places 
may  be  described  as  gently  rolling.  Harder  formations,  consisting  of 
sandstone  and  chalky  limestone,  form  escarpments  or  ridges  that  follow 
the  strike  of  the  beds.  The  seaward  slope  of  these  ridges  is  commonly 
much  more  gentle  than  tftat  facing  inland,  because  the  strata  dip  toward 
the  sea.  The  outcrop  belts  of  different  formations  are  commonly  marked 
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also  by  noteworthy  differences  in  vegetation.  The  sandy  uplands  are 
thickly  covered  with  trees,  whereas  the  calcareous  shaly  lowlands  are 
mostly  treeless  and  form  the  most  fertile  farm  lands. 

Great  Plains. — Beginning  in  the  south,  we  may  note  the  presence  of 
Mesozoic  beds  in  a  wide  area  between  Austin  and  San  Antonio,  Tex., 
on  the  east,  and  the  mountains  west  of  Pecos  River,  on  the  west.  Triassic 
sandy  beds  appear  in  places,  but  the  chief  formations  are  nearly  flat- 
lying  Cretaceous  limestones  and  shales.  Under  the  prevailing  arid 
climate  the  limestones  are  quite  resist  nnt  1o  erosion,  forming  plateaus 
that  are  bordered  by  escarpments  and 
intersected  in  places  by  narrow  canyons. 
Somewhat  similar  •  characters  mark 
Mesozoic  outcrops  in  eastern  New 
Mexico,  although  hard  sandstone  beds 
are  the  chief  escarpment  makers  in 
this  region.  Along  the  Rocky  Moun- 
tain Front  in  Colorado  and  part  of 
Wyoming,  Mesozoic  beds  are  steeply 
upturned,  forming  hogback  ridges  and 
valleys  that  follow  the  strike  of  the 
beds.  Similar  conditions  are  observed 
on  the  flanks  that  border  mountain 
uplifts  like  the  Black  Hills  and  the  Big- 
horn Mountains. 

The  Mesozoic  formations  of  the 
Great  Plains,  extending  from  western 
Kansas  northward  to  the  country 
beyond  Alberta,  Canada,  are  nearly 
flat-lying  and  the  outcrops  cover  a 

very  large  territory.  Hard  beds,  con-  Fl(i  2;!r>  S((,t,I)Iy  llp(urned  Meso. 
sisting  chiefly  of  sandstones  but  in  the  zoic  rock*  occur  on  the  flanks  of  the 

,1       <•  i.          ,  i  i      i'ii          j    Rocky    Mountain    Uplift.     This    view 

south  of  limestones  also,  make  hills  and  shows  a  llcarly  vorHcal  wall  of  oetace- 

CSCarpments.  The  shales  commonly  ous  sandstone  (Dakota)  near  Stonewall, 
-  ,  „.  ,  j  .  .  Colo.  (N.  //.  Darton,  U.  S.  Geol. 

form  gently  rolling  grassland  prairies,  $urveUt) 

but  locally  they  are  intricately  dissected 

to  form  badlands.     The  dark,  somber  color  tone  of  the  Cretaceous  shales 

in  this  region  is  a  characteristic  feature. 

Rocky  Mountains. — Mesozoic  rocks,  consisting  mainly  of  shale  and 
sandstone,  are  widely  distributed  in  the  Rocky  Mountains  province. 
The  Triassic,  Jurassic,  and  Cretaceous  are  all  represented  in  most  of  the 
Mesozoic  outcrop  areas.  On  the  flanks  of  the  mountain  uplifts  and  within 
the  mountain  districts  proper,  the  Mesozoic  rocks  are  mostly  folded  and 
faulted.  Because  they  are  much  less  resistant  to  erosion  than  the  hard 
older  rocks,  they  make  valleys  and  so-called  "parks."  The  Wyoming 


392  THE  MESOZOIC  ERA 

Basin  contains  extensive  areas  of  Mesozoic  rocks  which  are  flat-lying 
or  only  gently  folded  in  most  of  the  basin  but  near  the  borders  are  steeply 
dipping. 

The  Colorado  Plateau  region,  including  most  of  southern  Utah, 
northern  Arizona,  and  parts  of  Colorado  and  New  Mexico,  is  an  extra- 
ordinary country  of  deep-cut  canyons  and  cliff-bordered  plateaus  and 
mesas.  It  is  a  land  of  bare  rock,  for  the  cover  of  soil  is  thin  or  in  many 


FIG.  237. — Diagram  showing  plateaus  and  canyons  in  a  region  of  Mesozoic  rocks  in 
southern  Utah.  The  highest  plateau  (Aquarius)  is  capped  by  Tertiary  deposits.  (R.  C. 
Moore,  U.  8.  Geol.  Survey.) 

places  entirely  lacking.  Mesozoic  formations  are  widely  distributed  in 
this  region  and  they  form  some  of  the  most  imposing  features  of  the 
rugged  landscape.  Thick,  variously  colored  sandstones  are  the  domi- 
nant hard  rock.  Red,  dark-bluish,  and  highly  variegated  shales  are  the 
common  type  of  soft  beds.  The  Mesozoic  strata  are  nearly  flat-lying, 
in  general,  and  the  hard  rocks  form  a  stairlike  succession  of  plateaus,  one 
above  another,  the  highest  made  by  the  youngest  formations.  Along 
certain  lines  the  rocks  are  steeply  tilted,  however,  forming  monoclines. 
Here,  the  hard  rocks  make  prominent  hogbacks  and  the  weak  strata 
produce  very  elongate  strike  valleys. 
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Pacific  Border. — Sedimentary  and  igneous  rocks  of  Mesozoic  age  form 
much  of  the  mass  of  the  westernmost  mountains  of  the  continent,  from 
Alaska  to  Lower  California.  The  eastern  part  of  this  belt  comprises  the 
Sierra  Nevada  Mountains  in  California,  the  Cascade  Mountains  in 
Oregon  and  Washington,  and  other  ranges  reaching  far  northward  into 
western  Canada.  The  western  portion  of  the  belt  forms  part  of  the 
Coast  Ranges. 

The  Mesozoic  sediments  are  very  thick  and  in  most  places  have 
been  much  disturbed  by  folding  and  faulting.  Limestone  and  sandstone 
are  prominent  in  some  places  and  in  some  parts  of  the  section,  but  the 
dominant  type  of  rock  is  sandy  shale.  Middle  Mesozoic  rocks  contain 
great  thicknesses  of  volcanic  rocks  and  sediments  derived  from  volcanics. 
Large  intrusions  of  granitic  rock  of  Mesozoic  age  now  form  some  of  the 
prominent  mountain  heights. 

MESOZOIC  FORMATIONS  OF  OTHER  CONTINENTS 

Europe  contains  large  outcrop  areas  of  Mesozoic  rocks.  The  most  important 
regions  are  southeastern  England,  the  Paris  Basin  in  northern  France,  the  eastern 
and  southwestern  borders  of  the  Central  Plateau  of  France,  the  Pyrenees  and  scattered 
areas  in  northeastern  Spain,  the  Alps,  southwestern  Germany,  the  Carpathian,  Balkan, 
and  Caucasus  Mountains,  and  a  large  area  in  central  and  southeastern  Russia. 

The  topographic  characters  of  these  regions  arc  controlled  mainly  by  the  hardness 
of  the  Mesozoic  formations  and  their  structure.  For  example,  the  highlands  of 
northern  England,  formed  by  Upper  Paleozoic  rocks,  are  bordered  by  the  Central 
Plain  that  is  made  b^  the  outcrop  of  weak  Triassic  beds.  On  the  southeast  of  this 
plain  is  a  long  belt  of  Jurassic  outcrops,  the  beds  dipping  gently  southeastward. 
These  rocks  are  moderately  hard  and  form  an  escarpment  facing  the  Triassic  lowland. 
Cretaceous  beds  occupy  most  of  southeastern  England,  being  especially  well  shown  in 
cliffs  along  the  English  Channel.  Rolling  hills  and  valleys,  well  covered  with  grass 
but  with  few  trees,  distinguish  this  region. 

The  structure  of  northern  France  is  that  of  a  broad,  shallow  basin.  The  hard 
Mesozoic  rocks  form  escarpments  which  face  outward  on  all  sides  with  gentle  dip 
slopes  inclining  toward  the  center  of  the  basin.  There  are  several  lines  of  such  escarp- 
ments made  by  successively  higher  beds  of  the  Mesozoic  sequence.  It  is  interesting 
l/o  note  that  these  escarpments  determine  the  location  of  the  main  lines  of  fortification 
that  have  been  erected  for  the  defense  of  Paris,  and  that  these  topographic  features 
exerted  a  major  influence  on  military  operations  in  the  World  War. 

Massive  limestones,  very  steeply  folded  and  overthrust,  are  prominent  in  the  Alps, 
Pyrenees,  Carpathians,  arid  other  mountain  chains  of  southern  Europe.  Altogether, 
the  rocks  of  Mesozoic  age  form  a  very  prominent  part  of  the  surface  of  this  continent. 

Asia. — The  Asiatic  continent  consists  essentially  of  two  very  stable  blocks  of  the 
earth  crust,  one  in  the  north  known  as  Angaraland  and  the  other  in  the  south  repre- 
sented by  India.  The  latter  area  is  only  a  remnant  of  a  former  extensive  continental 
mass  that  in  Mesozoic  and  part  of  Paleozoic  time  extended  southwestward  toward 
Africa.  This  crust al  block  is  termed  Gondwanaland.  Between  the  northern  and 
southern  blocks  is  a  geosynclinal  belt  of  thick  sediments.  This  marks  the  site  of  a 
very  persistent  seaway  (called  Tethys),  for  a  large  part  of  the  rock  formations  are 
marine.  The  region  has  been  subjected  to  compressive  stresses,  which  have  operated 
to  produce  the  great  Himalayan  mountain  chain. 
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Mesozoic  formations  of  continental  origin  are  known  in  much  of  the  Gobi  Desert, 
Mongolia,  and  Siberia,  which  form  parts  of  the  Angaraland  crustal  block.  Similar 
beds  occur  in  India,  associated  with  enormous  outflows  of  basaltic  lava  in  the  Dekkan 
Plateau.  The  Himalayan  belt  contains  thick  beds  of  marine  Triassic,  Jurassic,  and 
Cretaceous  age.  ' 

Africa. — During  Early  Mesozoic  time  the  African  continent  appears  to  have  stood 
well  above  sea  level,  just  as  it  did  throughout  most  of  the  Paleozoic  era.  Very  thick 
continental  formations,  consisting  largely  of  sandstone,  are  known  in  South  Africa 
and  in  the  Congo  Basin.  These  deposits  are  included  in  what  is  known  as  the  Karroo 
system,  of  which  the  basal  part  is  Permian,  and  the  middle  and  upper  parts  Triassic 


Fia.  238. — Map  of  Europe  showing  outcrop  areas  of  Mesozoic  rocks. 


and  Jurassic,  respectively.  Marine  Jurassic  is  known  along  the  east  African  coast 
and  in  western  Madagascar.  Cretaceous  deposits  are  developed  mainly  in  North 
Africa  and  along  the  western  coast,  in  part  of  southeastern  Africa,  and  in  western 
Madagascar. 

Australia. — Mesozoic  strata  cover  a  large  part  of  eastern,  Australia  and  a  narrow 
fringe  along  the  western  border.  Triassic  beds  are  best  known  around  Sydney,  in 
New  South  Wales.  Coal-bearing  continental  Jurassic  formations  occur  also  in  this 
region,  and  marine  Jurassic  near  the  coast  in  far  western  Australia.  Much  the  greatest 
area  of  Mesozoic  rocks,  covering  most  of  Queensland  and  parts  of  adjoining  provinces, 
consists  of  Cretaceous  marine  strata. 

South  America  contains  Mesozoic  rocks,  the  chief  outcrop  areas  being  located  in 
the  Andean  mountain  chain.  This  western  border  region  of  the  continent  was  a 
geosyncline  in  Mesozoic  time.  Triassic,  Jurassic,  and  Cretaceous  deposits  are  all 
present  in  the  geosynclwal  belt, 
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SUMMARY 

The  Mesozoic  formations  possess  no  essential  distinctions  in  lithologic 
character,  excepting  possibly  a  generally  less  strongly  compacted  nature 
than  in  the  case  of  the  Paleozoic  rocks.  The  fossils  show  easily  recognized 
and  important  differences,  in  most  cases,  from  those  of  older  and  younger 
eras. 

Outcrops  of  Triassic  rocks  near  the  Atlantic  Border  of  North  America, 
from  Nova  Scotias  to  North  Carolina,  make  lowlands  that  in  most  cases 
are  nearly  or  entirely  surrounded  by  older  rocks.  Cretaceous  formations 
compose  the  inner  border  of  the  Atlantic  and  Gulf  Coastal  Plains  in 
most  places.  The  rocks  are  generally  weaker  than  those  of  adjoining 
districts  toward  the  continental  interior,  and  consequently  they  make  a 
plains  country  that  is  somewhat  lower  than  the  inland  areas.  Hard 
formations  form  escarpments. 

The  Great  Plains  are  largely  underlaid  by  Mesozoic  rocks,  most  of 
which  are  Cretaceous.  Plateaus  capped  by  limestone  occur  in  the  south. 
The  largest  continuous  outcrop  areas  of  Mesozoic  rocks  on  the  continent 
are  found  in  the  northern  Great  Plains,  extending  from  Kansas  to  north- 
western Canada.  This  is  mostly  a  gently  rolling  grassland  country. 

All  of  the  Mesozoic  systems  are  well  represented  in  the  Rocky  Moun- 
tains region.  The  outcrops  bordering  the  mountain  uplifts  are  narrow 
because  the  strata  are  steeply  tilted.  The  Colorado  Plateaus  contain 
extensive  areas  of  Mesozoic  beds  that  are  prominent  in  making  the 
steep- walled  canyons  and  lofty  escarpments  which  characterize  this 
region. 

Much  of  the  surface  of  Europe  is  formed  by  outcrops  of  Mesozoic 
rocks.  The  rocks  of  this  age  are  nearly  flat-lying  in  England,  northern 
France,  Germany,  and  Russia  but  are  strongly  folded  in  the  Alps  and 
other  mountain  chains  of  southern  Europe.  The  Himalayan  geosyncline 
of  Asia  contains  a  thick  succession  of  marine  Mesozoic  strata,  and  the 
relatively  stable  crustal  areas  to  the  north  and  south  contain  thick, 
widespread  nonmarine  deposits.  Mesozoic  formations  are  well  developed 
in  eastern  Australia,  northern  Africa,  and  western  South  America. 


CHAPTER  XXII 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  TRIASSIC  TIME 

The  Triassic  period,  which  comprises  the  first  chapter  of  Mesozoic 
earth  history,  was  a  time  of  general  continental  emergence,  marked  by 
erosion  of  the  lands  and  in  places  by  thick  nonmarine  sedimentary 
deposits.  Fossils  of  the  land  deposits  show  the  beginnings  of  many 
strange  vertebrates  and  a  distinctive  assemblage  of  plants.  Shallow 
seas  advanced  on  parts  of  the  lands,  leaving  record  of  a  host  of  interesting 
marine  organisms. 

In  North  America  the  Triassic  formations  are  dominantly  of  subaerial 
origin,  deposits  of  this  sort  being  found  along  the  Eastern  Border  and  over 
much  of  the  Western  Interior  region,  but  adjacent  to  the  Pacific  there 
are  thick  marine  beds.  The  portions  of  the  continent  in  which  no  rocks 
of  this  age  are  known  greatly  exceed  the  area  containing  Triassic  rocks. 
Most  of  the  territory  that  lacks  Early  Mesozoic  deposits  was  then  pre- 
sumably subject  to  erosion. 

Definition  and  General  Character. — There  is  an  unconformity  at  the 
base  of  the  Triassic  system  in  practically  all  known  sections.  This 
fact,  together  with  the  important  change  in  characters  of  the  marine 
life,  makes  definite  the  line  of  division  between  Triassic  and  Permian. 
An  exception  apparently  exists  in  the  case  of  some  regions  of  continental 
sedimentation  where  accumulation  of  mostly  unfossiliferous  red  sands 
and  clays,  which  began  in  the  Permian  period,  continued  with  little,  if 
any,  interruption  into  Early  Mesozoic  time.  Also,  there  are  some  places 
where  lack  of  evidence  as  to  age  from  either  fossils  or  stratigraphic 
relations  leaves  uncertainty  as  to  whether  a  formation  is  really  of  Permian 
or  Triassic  age.  Both  of  these  conditions  are  found  in  the  nonmarine 
deposits  of  the  Western  Interior  of  North  America  and  also  in  South 
Africa  where  Late  Paleozoic  and  Early  Mesozoic  continental  beds  occur 
together.  Yet,  on  the  whole,  the  sharp  demarcation  of  the  Triassic  rocks 
from  older  strata  is  a  noteworthy  point.  This  break  corresponds  in 
time  to  the  retreat  of  the  seas,  and  the  mountain-building  on  land  that 
terminated  the  preceding  period  and  era. 

The  top  of  the  Triassic,  as  defined  in  the  type  region  of  Germany, 
is  marked  by  cessation  of  continental  deposition  and  beginning  of  marine 
sedimentation  that  is  classed  as  Jurassic.  Also,  there  is  a  very  great 
change  from  the  faunas  of  the  marine  Upper  Triassic  rocks  to  those  of 
the  Lower  Jurassic  formations,  as  indicated  by  voluminous  paleontologic 
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evidence  in  the  rocks  of  Houlh  central  Euroi>e.  The  Early  Mesozoic 
marine  beds  in  America  are  identified  chiefly  by  comparison  of  their 
fossils  with  European  and  Asiatic!  faunas.  Nonmarine  deposits  of  the 
Western  Interior  are  less  definitely  placed,  the  boundary  at  the  top  of 
the  Triassic  system  being  at  present  unsettled. 


FIG.  230. — Map  of  North  America  showing  outcrop  areas  of  the  Triassic  system  (black) 
and  the  inferred  area  of  original  distribution  of  Triassic  formations  (oblique  shading). 
(V.  R.  D.  Kirkham,  in  Chambcrlin  and  Salisbury' 8  Historical  Geology,  Henry  Holt  A 
(Jompany.) 

The  Triassic  formations  of  North  America  are  conveniently  and 
naturally  grouped  according  to  geographic  distribution  and  general 
lithologic  characters  in  three  regions:  the  Atlantic  Border,  Western 
Interior,  and  Pacific  Border.  The  last  two  of  these  are  partly  joined 
together,  for  in  Early  Triassic  time  the  Pacific  sea  extended  to  Utah  and 
Wyoming. 

Outstanding  characters  of  the  Triassic  rocks  in  eastern  North  America 
are  their  (1)  occurrence  in  narrow,  elongate  deep  troughs,  (2)  great  thick- 
ness, (3)  tilted  and  faulted  but  generally  unfolded  structure,  (4)  con- 
tinental origin,  and  (5)  association  with  dark-colored  intrusive  and 
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extrusive  igneous  rocks.  The  Western  Interior  region  contains  non- 
marine  and  marine  deposits,  mostly  red  and  variegated,  vividly  colored 
sandy  silts  and  clays  that  cover  a  very  large  territory  but  are  not  nearly 
so  thick  as  the  eastern  Triassic  beds.  On  the  Pacific  Border,  especially 
in  eastern  California  and  Nevada,  are  thick  dark-colored  marine  shale, 
limestone,  and  sandstone,  in  which  some  formations  are  abundantly 
fossiliferous.  The  strata  in  this  region  have  mostly  a  very  complex 
structure,  and  associated  volcanic  rocks  are  common. 

TRIASSIC  FORMATIONS  OF  NORTH  AMERICA 
Atlantic  Border  Region 

Distribution. — Triassic  rocks  occur  adjacent  to  the  Atlantic  Border 
of  North  America  in  disconnected  patches  extending  from  Nova  Scotia 
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FIG.  240. — Map  showing  distribution  of  Triassic  outcrop  areas  in  the  Atlantic  Border 
region.  (From  International  Geol.  Congress  Guidebook  1.  Reprinted  by  permission  from 
Forest  Physiography  by  Isaiah  Bowman,  published  by  John  Wiley  &  Sons,  Inc.) 

on  the  northeast  'to  North  Carolina  on  the  southwest.  The  longer  axis 
of  the  individual  outcrops  and  of  the  belt  as  a  whole  is  approximately 
but  not  exactly  parallel  to  the  trend  of  the  Appalachian  Mountains  and 
it  roughly  corresponds  in  direction  with  the  present  coast  line.  The 
Nova  Scotian  area  lies  southeast  of  the  Bay  of  Fundy ,  parts  of  the  Triassic 
being  covered  by  waters  of  the  bay  and  of  the  Gulf  of  Maine.  The 
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Connecticut  Valley,  In  western  Massachusetts  and  central  Connecticut, 
is  a  lowland  composed  of  Triassic  rocks.  The  trend  of  the  valley  and 
strike  of  the  rocks  are  nearly  north-south,  and  the  dip  of  the  rocks  is  east- 
ward. Extending  from  the  west  bank  of  Hudson  River  opposite  New 
York  City,  a  third  Triassic  belt  trends  southwestward  across  northern 
New  Jersey,  southeastern  Pennsylvania,  and  north  central  Maryland 
into  Virginia  (see  Fig.  240).  This  is  a  lowland  in  which  the  rocks  dip 
northwestward.  There  are  several  smaller  Triassic  areas  in  Virginia 
and  North  Carolina.  It  is  possible  that  Triassic  deposits  occur  southwest 
of  the  North  Carolina  areas,  but,  if  they  do,  they  are  concealed  by  younger 
formations  of  the  Coastal  Plain. 

Lithologic  Character. — The  rocks  of  all  these  Triassic  areas  are 
similar  in  character  and  are  designated  as  the  Newark  series,  from 
exposures  near  Newark,  N.  J.  The  deposits  are  prevailingly  reddish- 
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FIG.  241. — Geologic  section  of  Manhattan  Island  (New  York  City)  and  adjacent  coun- 
try showing  relation  of  Triassic  rocks  in  New  Jersey  to  pre-Cambrian  crystalline  rocks  of 
Manhattan  Island.  Trap-rock  sills  (shaded  dark)  make  ridges.  Note  the  west-tilted 
pre-Triassic  peneplain,  the  east-tilted  pre-Cretaceous  Fall  Zone  peneplain,  and  the  nearly 
horizontal  Schooley  peneplain.  (D.  W.  Johnson,  U.  S.  Geol.  Survey.) 

brown  in  color  and  consist  mainly  of  sandy  shale  and  sandstone.  Some 
of  the  sandstones  are  thick  and  show  prominent  cross-bedding.  Others 
are  thin  and  interbedded  with  shale.  Feldspar  is  a  prominent  con- 
stituent, indicating  dominance  of  mechanical  over  chemical  weathering 
in  the  areas  that  supplied  the  sediments.  Bedding  is  generally  irregular 
and  the  sorting  of  grains  in  the  rock  is  poor.  Locally,  especially  toward 
the  margins  of  the  basins  that  contain  these  deposits,  there  are  conglomer- 
ates. The  name  "fanglomerate"  has  been  applied  to  some  of  these 
accumulations  of  gravel  and  cobbles  because  the  deposits  are  fan-shaped 
and  were  evidently  deposited  as  coarse  alluvial  fans  by  streams  that 
dumped  their  load  of  gravelly  wash  into  the  basin  exactly  as  streams 
build  similar  fans  in  intermontane  valleys  of  the  western  United  States 
today.  Some  beds  are  more  regular,  suggesting  deposition  on  flood 
plains  or  in  shallow  temporary  lakes  (playas).  Clearly  marked  footprints 
of  land  reptiles,  and  mud  cracks,  raindrop  impressions,  and  other  marks 
of  continental  deposition  occur.  The  only  fossils  are  those  of  land  plants, 
fresh-water  fishes,  a  few  invertebrates,  and  land  reptiles. 

The  Virginia  and  North  Carolina  Triassic  deposits  contain  black 
shale  and  coal  beds  along  with  the  red  sandy  beds.     The  carbonaceous 
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deposits  indicate  existence  of  lakes  and  swamps  in  or  adjacent  to  which 
there  was  an  abundance  of  plants. 

Source  of  Sediments. — The  source  of  most  of  the  materials  in  the 
Newark  series  is  believed  to  be  somewhat  distant,  that  is,  not  immediately 
adjacent  to  the  present  basins.  Reasons  for  this  conclusion  are  the 
prevailing  fineness,  uniformity,  and  red  color  of  the  sediments,  and  lack 
of  resemblance  to  old  rocks  at  the  margins  of  the  basins.  Most  of  the 
sand  and  silt  was  probably  carried  20  to  200  miles  before  it  came  to  rest 
as  part  of  the  Triassic  deposits  in  this  region.  On  the  other  hand,  there 
are 'materials  that  are  clearly  of  very  local  origin.  These  include  pebbles 
and  cobbles  of  limestone  that  could  not  have  been  carried  far. 

Igneous  Rocks. — A  characteristic  feature  of  the  eastern  Triassic 
strata  is  the  occurrence  of  dark-colored  igneous  rock  (basalt,  diabase) 
which  is  commonly  called  trap.  It  is  chiefly  found  in  the  form  of  sheets 
parallel  to  the  sedimentary  rock  layers,  but  there  are  also  dikes.  Extru- 
sions or  fissure  eruptions  of  the  quiet  type  are  seen,  in  which  lava  flowed 
out  upon  the  sediments,  in  some  cases  spreading  long  distances.  There 
are  also  intrusions  in  which  the  molten  material  forced  its  way  laterally 
between  layers  of  the  stratified  rocks.  Some  of  these  intrusive  sills  are 
surprisingly  extensive.  The  dikes,  consisting  in  many  cases  of  congealed 
lava  in  the  fissures  that  supplied  the  flows  or  sills,  intersect  the  bedding 
of  the  stratified  rocks  roughly  at  right  angles.  Some  of  them  are  traced 
for  many  miles  beyond  the  present  Triassic  sedimentary  outcrops  into 
areas  of  older  formations. 

The  trap  rocks  are  hard.  They  are  so  much  more  resistant  than  the 
sedimentary  rocks  that  they  are  very  prominent  topographically,  forming 
long  hogback  ridges  and  in  places  making  conspicuous  cliffs,  like  the 
Palisades  of  the  Hudson  near  New  York  City  or  West  Rock  at  New 
Haven. 

Structure. — The  rocks  of  the  Newark  series  are  rather  uniformly 
inclined  at  angles  ranging  from  10  to  25  degrees,  this  dip  being  evidently 
the  result  of  post-Triassic  tilting.  Most  of  the  beds  had  some  initial 
slope  in  the  direction  away  from  their  source,  for  they  are  alluvial  fan 
deposits  mainly.  The  direction  of  dip  that  is  observed  in  different  basins 
differs,  but  it  is  approximately  the  same  in  each  basin.  The  Nova 
Scotian  Triassic  rocks  dip  northwestward,  those  in  the  Connecticut  Valley 
eastward,  in  the  New  Jersey- Virginia  area  northwestward,  and  so  on. 
The  distribution  of  these  oppositely  directed  dips  affords  some  basis  for 
the  conclusion  that  the  existent  Triassic  belts  are  the  remnant  limbs  of 
a  former  broad  anticlinal  arch,  faulted  at  the  margins  and  eroded  in  the 
middle  (Fig.  242), 

Another  structural  feature  of  much  importance  '.s  normal  faulting. 
The  margins  of  the  basins  on  one  or  both  sides  are  found  to  follow  fault 
lines,  along  many  of  which  there  has  evidently  been  great  vertical  move- 
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merit,  the  sediment-filled  basin  being  downthrown  while  the  bordering 
older  rock  is  upthrown.  Some  of  these  faults  may  have  originated  during 
the  time  of  Triassic  sedimentation,  sinking  of  the  basin  taking  place 
progressively  or  recurrently  as  the  load  of  stream-borne  waste  accumu- 
lated. Others  are  probably  related  to  the  crustal  movements  that 
elevated  and  tilted  the  Triassic  rocks  later  on.  Within  the  basins  are 
also  many  normal  faults,  which,  however,  do  not  generally  have  a  large 
throw.  They  slice  the  rocks  into  minor  blocks  of  varying  dimensions 
and  shape,  offsetting  and  not  infrequently  duplicating  outcrops  of  beds. 
This  effect  on  outcrops  is  prominent  in  places  where  resistant  layers 
like  the  trap  sheets  occur,  but  in  soft  rocks,  which  are  mainly  soil-covered, 
surface  indications  of  faulting  are  difficult  or  impossible  to  observe. 


-Triassic 
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FIG.  242. — Section  of  the  New  Jersey  and  Connecticut  Triassic  belts  showing  opposite* 
dips  which  suggest  possible  anticlinal  structure  of  an  originally  connected  series  of  Triassio 
beds.  (C.  R.  Longwell,  U.  8.  Geol.  Survey.) 

It  is  certain  that  very  many  faults  in  the  weak-rock  portions  of  the 
Triassic  are  unknown  and  unmapped. 

Thickness. — The  Newark  series  is  very  thick,  but  the  exact  amount  of 
the  thickness  in  different  basins  is  uncertain.  In  the  first  place,  the 
initial  angle  of  bedding,  including  variations  in  this  angle  in  different 
parts  of  the  basin  due  to  the  nature  of  fluviatile  deposition,  and  also  due 
to  differential  subsidence  during  sedimentation,  must  be  considered  in 
computing  actual  thickness.  In  the  second,  the  prevalence  of  faulting, 
and  especially  the  presence  of  undetected  faults,  interferes  with  measure- 
ment and  may  lead  to  errors.  Certainly  the  thickness  of  Triassic  rocks 
now  remaining  is  less  than  the  original  thickness,  for  only  the  parts  of 
the  down-faulted  blocks  below  the  level  of  comparatively  recent  pene- 
planation  are  still  present.  The  Connecticut  Valley  Triassic  deposits 
are  reported  to  be  10,700  to  13,000  feet  thick,  of  which  about  800  feet 
consists  of  trap  sheets.  The  New  Jersey  and  Pennsylvanian  Triassic 
rocks  are  said  to  have  a  thickness  of  about  20,000  feet  in  some  places. 

Age  and  Comparison. — The  age  of  the  Newark  beds  is  Late  Triassic,  as 
indicated  by  their  fossils.  Since  these  rocks  lie  directly,  and,  of  course, 
unconformably,  on  Paleozoic  or  older  rocks,  no  deposits  of  Medial  or  Early 
Triassic  age  are  known  in  the  east.  The  beds  found  next  above  the 
Newark  belong  to  the  Lower  Cretaceous. 

In  several  features,  notably  general  lithology  of  the  sedimentary 
rocks,  thickness,  structure,  and  dark-colored  sills  and  flows  of  igneous 
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rocks,  the  Newark  series  strikingly  calls  to  mind  the  Proterozoic  rocks 
of  the  Grand  Canyon  region  in  Arizona.  Most  significant,  seemingly, 
is  the  association  in  both  cases  of  geographically  extensive  trap  rock  with 
the  deep  subsidence  and  down-faulting  of  the  sediment-filled  troughs. 
The  sinking  appears  to  be  genetically  linked  to  the  igneous  activity. 

Western  Interior  Region 

General  Character  and  Distribution. — Chief  characters  of  the  Western 
Interior  Triassic  deposits  are  their  vivid  colors,  dominantly  continental 
origiii,  widespread  distribution,  and  relative  thinness  as  compared  with 
Newark  beds.  Also,  part  of  the  western  Triassic  beds  belongs  to 
the  early  portion  of  the  period.  The  rocks  are  mostly  sandy  shale  and 
thin  sandstone  beds,  but  there  are  some  conglomerate,  gypsum,  and  a 
little  limestone.  Typical  outcrops  are  found  in  the  Painted  Desert  of 
northeastern  Arizona,  the  Chocolate  and  Vermilion  Cliffs  of  southern 
Utah,  and  in  red-rock  valleys  and  semidesert  areas  of  New  Mexico, 
Colorado,  and  Wyoming.  The  easternmost  exposures  are  found  in  the 
Black  Hills  of  South  Dakota  and  in*  northwestern  Texas.  The  Triassic 
probably  underlies  parts  of  western  Nebraska,  Kansas,  and  Oklahoma, 
where  it  has  been  identified  tentatively  in  wells  and  at  outcrops  in 
southwestern  Kansas  and  northwestern  Oklahoma.  Resemblance  of 
these  rocks  to  red  beds  of  Permian  age  makes  determination  difficult 
without  assistance  of  fossil  evidence.  Southward  and  northward  the 
Triassic  formations  of  this  region  fail  to  reach  the  Mexican  and  Canadian 
boundaries,  but  westward  there  is  connection  with  the  Pacific  region, 
a  boundary  here  being  rather  arbitrarily  drawn  on  the  basis  of  present 
geographic  separation  of  outcrops  and  differences  in  the  deposits. 

The  Arizona-Utah  Section. — An  area  as  great  as  that  of  the  Western 
Interior  region  naturally  shows  considerable  variation  in  the  character 
and  thickness  of  the  Triassic  formations.  Yet,  in  a  general  way,  there 
are  similarities.  We  may  base  our  study  of  the  Western  Interior  Triassic 
deposits  mainly  on  the  portion  of  them  that  occurs  in  northern  Arizona 
and  adjacent  states,  for  this  section  is  typical,  very  well  exposed,  and 
carefully  studied. 

The  Triassic  is  distinguished  from  the  Permian  in  parts  of  this  region 
by  marked  difference  in  lithologic  characters  but  in  other  parts  the  beds 
are  very  similar.  A  clearly  defined  unconformity  is  commonly  found  at 
the  base  of  the  Triassic  beds,  for  a  coarse  conglomerate  rests  on  an 
uneven,  stream-carved  surface  of  marine  Permian  rocks.  Even  where 
rocks  of  the  two  systems  show  lithologic  resemblance,  the  boundary  is 
definitely  located  in  most  places  by  difference  in  structure,  presence  of  an 
unconformity,  and  minor  lithologic  features. 

The  oldest  Triassic  formation  of  the  Arizona-Utah  country  consists 
of  chocolate-  or  reddish-brown  sandy  shale  and  sandstone  (Moenkopi), 
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fairly  uniform  in  bedding.  The  prevalence  of  thin,  even  bedding 
furnishes  basis  for  the  conclusion  that  the  formation  is  mostly  a  deposit 
made  in  a  large  water  body.  Some  of  the  platy  sandstone  layers  are 
beautifully  ripple-marked,  and  the  thicker  beds  commonly  show  cross- 
bedding  which  indicates  current  action.  Gypsum  is  found  in  scattered 
crystals  and  irregular  veins,  while  toward  the  west  there  are  prominent 
gypsum  beds  and  also  marine  fossil-bearing  limestone.  The  thickness 
of  the  formation,  about  500  feet  in  this  region,  decreases  eastward  but 


FIG.  243. — The  Chocolate  Cliffs  in  southern  Utah  near  Kan  ah.  The  thinly  ami  evt-nly 
bedded  rock  is  the  Lower  Triassic  Moenkopi  formation.  The  cup  rock  is  Shinarump 
conglomerate.  (J.  K.  Hitlers,  U.  S.  Geol.  Survey.) 

increases  gradually  westward  to  more  than  2,000  feet  in  southern  Nevada. 
The  lowest  Triassic  beds  here  are  evidently  of  marine  and  possibly  in 
part  lagoonal  or  deltaic  origin. 

The  next  higher  formation  (Shinarump)  is  an  interesting  deposit 
consisting  mostly  of  gravel  and  grit,  which  is  now  cemented  to  form  a 
hard  rock,  capping  benches  and  mesas.  It  is  a  stream-laid  deposit  that 
rests  unconforrnably  on  the  underlying  beds.  The  original  area  over 
which  this  deposit  was  spread  is  not  less  than  75,000  square  miles,  but  the 
average  thickness  of  the  formation  is  only  50  feet  and  the  maximum 
about  200  feet.  This  is  indeed  a  remarkably  thin  and  extensive  veneer 
of  fluviatile  debris.  Petrified  logs  are  found  in  many  places  and  frag- 
ments of  petrified  wood  are  so  common  that  they  are  characteristic  of 
the  formation.  The  unconformity  at  the  base  of  the  Shinarump  beds 
is  shown  by  valleys  carved  in  the  underlying  strata  and  filled  by  sand 
and  gravel  of  this  formation,  and  also  in  places  by  slight  differences  in 
the  dip  of  the  higher  and  lower  beds..  Fossils  indicate  that  the  Shinarump 
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belong**  to  the  Upper  TriaHsic  series,  the  unconformity  thus  marking 
erosion  that  took  place  in  Medial  Triassic  time.  Beds  of  Medial  Triassic 
age  are  known  elsewhere  in  the  west  but  are  absent  here.  The  original 
thickness  of  Lower  Triassic  deposits  has  been  reduced  an  unknown  amount 
by  the  pre-Shinarump  erosion. 

The  upper  part  of  the  Triassic  system  in  the  Arizona-Utah  region  is 
a  highly  variegated,  vividly  colored  formation  (Chinle)  composed  of 
clay,  sandy  silt,  sand,  and  impure  limestone,  all  of  fresh-water  origin. 
The  calcareous  beds  are  composed  of  irregularly  shaped  nodules  and 
pellets  of  limestone  embedded  in  a  soft  matrix;  they  are  very  peculiar 
and  are  characteristic  of  this  part  of  the  Triassic  section.  Much  of  the 


FIG.  244. — Upper  Triassic  (Chinle)   shale,  House  Rock  Valley,  southern  Utah.     (R.  C. 

Moore,  U.  S.  Geol.  Survey.) 

"  paint "  of  the  Painted  Desert  comes  from  the  Upper  Triassic  rocks, 
which  are  soft  and  mostly  bare  of  soil.  The  beds  are  intricately  carved 
in  badlands  or  form  naked  slopes  beneath  sandstone  cliffs,  the  successive 
bands  of  rose,  lavender,  maroon,  azure,  and  many  other  shades  making 
thus  a  truly  striking  display  of  colors.  This  is  the  formation  that 
contains  the  numerous  silicified  logs  of  the  Petrified  Forest  National 
Monument  in  eastern  Arizona  and  of  many  other  places  in  the  south- 
west. Some  of  the  logs  are  4  feet  in  diameter  and  more  than  100  feet  in 
length.  Bones  of  land  reptiles  are  also  widespread  in  this  part  of  the 
western  Triassic.  There  are  occasional  fairly  complete  skulls  or  skele- 
tons, but  most  common  are  fragments  of  bones  and  teeth  of  the  so-called 
"  saurian  conglomerates." 

An  interesting  deposit  that  is  widespread  in  the  Upper  Triassic  series 
of  the  southwest  is  bentonite.  Beds  of  this  clayey  material,  which  is 
altered  volcanic  ash,  have  a  thickness  up  to  8  feet  in  northern  Arizona. 

Other  Sections.— An  interesting,  very  thick  section  of  Triassic  rocks 
occurs  in  the  Wasatch  Mountains  of  north  central  Utah.  The  structure 
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is  very  complex,  owing  to  later  folding, 
and  the  Triassic  strata  stand  vertical 
or  in  places  are  overturned.  The  Lower 
Triassic  series  is  very  well  developed, 
containing  at  the  base  about  1,000  feet  of 
beds  that  appear  to  be  older  than  the 
lowest  Lower  Triassic  of  Asia.  Middle 
Triassic  marine  beds,  not  known  to  the 
south,  have  been  reported  (Matthew) 
here. 

Central  and  w  northern  Utah,  Idaho, 
Colorado,  Wyoming,  and  South  Dakota 
contain  Triassic  red  beds  consisting  of 
sandy  shale  and  sandstone.  The  depos- 
its are  many  hundreds  of  feet  thick  in 
most  places  and  are  chiefly  distinguished 
by  their  strong  red  color.  Fossils  are 
rare  in  most  places.  Even  bedding  of 
some  of  the  formations  clearly  indi- 
cates deposition  by  water,  in  lakes  and 
as  sheet- wash  and  flood-plains  sediments. 
Gypsum  deposits  were  formed  by 
partial  evaporation  of  salt  lakes. 

Pacific  Region 

The  westernmost  Triassic  outcrops 
of  the  continent  are  found  in  Nevada, 
California,  Washington,  western  Canada, 
and  Alaska.  The  formations  are  domi- 
nantly  marine  and  consist  largely  of 
dark-colored  shale,  limestone,  and,  in 
places,  much  sand.  Some  beds  contain 
very  abundant  well-preserved  fossils 
that  correspond  closely  with  organisms 
found  in  the  Triassic  of  Asia  and  the 
Mediterranean  region  of  Europe.  Lower 
Triassic  marine  deposits  occur  in  Idaho 
(5,300  feet),  southeastern  California,  and 
southern  Nevada.  The  Idaho  Lower 
Triassic  includes  about  2,800  feet  of 
limestone.  Middle  Triassic  rocks  are 
best  known  from  southeastern  California 
and  Nevada;  they  consist  of  200  to 
1,000  feet  of  shale  and  shaly  limestone. 
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FIG.  245. — Generalized  sections  of 
the  Triassic  system  in  New  Jersey, 
Idaho,  California,  and  southern  Utah. 
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Upper  Triassic  marine  rocks  are  well  developed  in  northern  California. 
In  central  Nevada  the  Triassic  system  has  a  reported  total  thickness  of 
about  16,000  feet. 

Characteristic  of  much  of  the  West  Coast  Triassic  formations  is  the 
very  large  proportion  of  volcanic  materials  that  are  mingled  with  the  fine 
sandy  and  clayey  sediments.  Parts  of  central  British  Columbia  and  the 
coastal  district,  including  Vancouver  and  Queen  Charlotte  Islands, 
contain  great  thicknesses  of  these  argillaceous  and  volcanic  rocks  (prob- 
ably exceeding  15,000  feet  in  places).  Because  of  later  mountain-build- 
ing, the  strata  are  closely  folded,  faulted,  and  locally  metamorphosed. 
There  is  great  variation  from  place  to  place,  and,  because  of  the  com- 
plexity of  structure  and  lack  of  detailed  study,  much  remains  to  be 
learned  about  these  beds.  Fossils  show  very  close  relationship  to 
Asiatic  types,  and  these  in  turn  are  in  part  very  much  like  the  species 
found  in  the  Mediterranean  Triassic  beds  of  Europe. 

FOREIGN  TRIASSIC  DEPOSITS 

Europe. — In  Europe,  as  in  North  America,  there  are  widespread  nonmarine  deposits 
and  thick  marine  formations.  The  region  in  which  the  continental  sediments  pre- 
dominate includes  England,  eastern  France,  Germany,  western  Russia,  and  Spain. 
The  marine  rocks  occur  chiefly  in  the  Alps  district  and  southeastern  Europe,  but 
Middle  Triassic  beds  are  extensive  in  the  north  central  and  northern  parts  of  the 
continent.  The  Lower  Triassic  is  conspicuous  in  Svalbard  (Spitzbergen). 

The  type  Triassic  section  is  that  of  Germany,  where  the  three  divisions  of  the 
system  are  termed  Bunter,  Muschelkalk,  and  Keuper,  named  in  order  from  oldest  to 
youngest.  (1)  The  Bunter  consists  mainly  of  yellowish  to  reddish  sandstone  in  thick 
and  thin  beds,  some  layers  being  strongly  cross-bedded.  There  are  also  red  and 
variegated  clays,  conglomerates,  and  in  tho  upper  part  some  deposits  of  salt,  gypsum, 
limestone,  and  dolomite.  The  thickness  ranges  from  about  600  to  more  than  2,000 
feet.  This  part  of  the  Triassic  system  is  thought  to  represent  stream  deposits,  wind- 
blown dune  sands,  and  deposits  in  lagoons  at  the  sea  margin.  Some  layers  show 
numerous  ripple  marks  and  in  others  mud  cracks  are  common.  There  are  also  foot- 
prints of  land  reptiles.  Altogether  the  beds  are  much  like  the  Triassic  deposits  of 
eastern  North  America  or  of  parts  of  the  Western  Interior  region.  (2)  The  Muschel- 
kalk, about  800  to  1,100  feet  in  thickness,  is  marine.  The  lower  and  upper  divisions 
consist  mostly  of  limestone,  in  part  sandy  or  dolomitic.  The  middle  is  made  up  of 
dolomite,  shale,  anhydrite,  gypsum,  and  rock  salt.  The  deposits  thus  indicate  a 
considerable  spread  of  the. sea  in  early  mid-Triassic  time  with  normal  marine  environ- 
ment, then  a  time  of  partial  inclosure  of  the  German  basin  accompanied  by  desicca- 
tion, and  in  the  latter  part  of  the  epoch  a  return  to  the  earlier  conditions.  Differences 
in  the  fossils  of  the  Muschelkalk  and  those  of  contemporaneous  marine  beds  of  the 
Alps  region  imply  lack  of  easy  intermigration.  (3)  The  Keuper  includes  red  and 
variously  colored  shale  and  sandstone  of  nonmarine  origin,  and  also  in  places  salt, 
gypsum,  and  beds  with  marine  fossils.  The  thickness  ranges  from  800  to  about 
2,000  feet. 

The  Triassic  rocks  of  England  consist  almost  entirely  of  continental  deposits, 
mostly  reddish  sandstone  which  is  called  the  New  Red  sandstone,  in  distinction  to  the 
so-called  Old  Red  sandstone,  of  Devonian  age,  in  Wales  and  other  districts.  The 
Muschelkalk  marine  phase  of  the  north  European  Triassic  did  not  extend  into  England. 
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The  Triassic  section  of  the  Alpine  and  Mediterranean  region  is  very  unlike  that  of 
Germany,  for  the  system  consists  mostly  of  marine  beds  and  contains  very  thick 
massive  limestone  and  dolomite.  In  places  there  are  great  bodies  of  limestone,  with- 
out bedding,  that  mark  reefs  of  calcareous  algae.  The  "Dolomites"  of  the  Tyrol 
are  huge  crags  of  this  rock  which  is  here  3,000  feet  or  more  in  thickness.  Fossils  are 
very  abundant  in  some  beds. 

Other  Continents. — Marine  Middle  and  Upper  Triassic  rocks  of  the  Mediterranean 
region  extend  eastward  into  the  Himalayan  region  of  Asia  where  they  attain  a  con- 
siderable thickness.  The  Lower  Triassic  beds  are  less  widespread  and  thinner. 
Deposits  of  Triassic  age  occur  also  in  eastern  Siberia  and  Japan,  in  the  East. Indies, 
Australia,  and  New  Zealand.  The  Triassic  is  known  in  South  Africa  and  is  well 
developed  in  parts  of  South  America. 

PHYSICAL  HISTORY  OF  TRIASSIC  TIME 

At  the  beginning  of  the  Triassic  period,  North  America  was  probably 
somewhat  larger,  though  not  necessarily  more  rugged  and  elevated,  than 
now.  Nowhere  'are  Late  Permian  marine  deposits  known  on  the  conti- 
nent, and  the  unconformity  at  the  base  of  Early  Triassic  marine  rocks 
in  the  Pacific  Border  region  shows  that  this  country  had  previously  been 
subjected  to  erosion.  Except  in  Mexico,  the  western  part  of  the  United 
States  and  Canada,  and  northwestern  Greenland,  the  sea  is  not  known 
to  have  gained  control  in  any  part  of  the  continent  during  the  period. 
Land  conditions  were  strongly  dominant. 

Erosion  of  the  Land.-— The  Appalachian  region  was  probably  more 
strongly  mountainous  than  now.  At  least  this  is  justifiable  inference 
as  regards  Early  Triassic  time  which  was  not  long  after  the  Permian 
mountain-building.  There  are  increasingly  numerous  and  definite 
indications,  however,  as  the  geologic  history  of  various  recent  and  ancient 
mountain  ranges  is  more  precisely  known,  that  mountains  are  short- 
lived as  topographic  features  unless  there  are  renewed  uplifts.  Accord- 
ingly, it  is  possible  that  the  Appalachians  were  already  much  subdued 
at  the  beginning  of  the  Triassic  period.  Absence  of  Early  and  Middle 
Triassic  deposits  in  the  cast  shows  that  erosion  was  at  work  throughout 
this  territory  in  these  parts  of  the  period,  the  products  of  erosion  being 
transported  somewhere  outside  of  this  region,  presumably  seaward  from 
the  present  land. 

The  great  Central  Interior  and  northern  portion  of  the  continent  was 
certainly  a  broad  lowland.  Areas  that  were  gently  upwarped  in  Late 
Paleozoic  time  were  doubtless  being  cut  down  slowly,  but  the  erosion 
could  not  have  been  very  important  quantitatively,  for  the  sum  of  all 
post-Paleozoic  denudation  in  this  region  is  not  great.  In  the  west  there 
were  evidently  uplands  adjacent  to  the  region  of  extensive  fluviatile 
sedimentation,  for  a  large  quantity  of  fine  sand,  silt,  and  clay  was  derived 
from  erosion  of  older  rocks  to  form  the  Triassic  formations.  The  pre- 
vailing fineness  of  the  sediments  and  their  general  uniformity  of  character 
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(c) 


(f) 


Flo.  246.  —  Block  diagrams  representing  stages  in  the  geologic  history  of  the  Connecticut 
Valley  area  between  Hartford  and  New  Haven.  (R.  C.  Moore,  from  map  and  sections  by 
Joseph  BarreU.) 

a.  Mountains  forming  part  of  the  Appalachian  chain,  composed  of  complexly  folded  and  me 
wed  Paleozoic  formations  and  pre-Cambri&n  rocks. 

b.  Beginning  of  Triassic  sedimentation.     This  was  preceded  by  peneplanation  of  the  region,  an 


phosed  Pale< 

b.  Begin      _ 
by  the  smoothn 


i  of  the  surface  beneath  the  Triassic  beds. 


shown 
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over  great  areas  do  not  imply  very  rapid  erosion  of  mountainous  areas 
close  to  the  sedimentary  basins,  but  rather  the  contrary. 

Sedimentation  began  in  an  area  adjacent  and  parallel  to  the  Atlantic 
Coast  in  Late  Triassic  time.  Stream-laid  gravel,  sand,  and  silty  clay  were 
deposited  in  the  form  of  alluvial  fans  that  gradually  filled  valley  depres- 
sions. Lakes  and  swamps  occurred  in  places.  Initiation  of  this  series 
of  deposits  may  be  assigned  with  little  question  to  a  recurrence  of  the 
mountain-making  crustal  movements  that  formed  the  Appalachian  chain. 
Uplifted  mountain  blocks  were  subjected  to  active  erosion,  the  products 
of  which  were  transferred  to  depressions  that  gradually  sank  under  the 
load  of  accumulating  detritus.  At  certain  times  there  was  considerable 
igneous  activity,  but  eruptions  that  took  place  were  of  the  quiet  rather 
than  the  explosive  type. 

The  western  part  of  the  continent  was  invaded  by  waters  of  the 
Pacific  early  in  Triassic  time,  greatest  thickness  of  marine  deposits  being 
found  in  the  Nevada  region.  The  sea  appears  to  have  extended  east- 
ward to  New  Mexico,  Colorado,  Wyoming,  and  Idaho,  although  the 
shallow-water  muds  and  sands  that  were  deposited  in  the  easterly  areas 
are  mostly  lacking  in  marine  organisms.  Medial  Triassic  time  is  repre- 
sented by  marine  rocks  in  eastern  California,  Nevada,  and  central 
Utah  (?),  but  in  other  places  there  is  an  unconformity  that  represents 
much  or  all  of  this  part  of  the  period.  In  Late  Triassic  time  the  sea 
occupied  much  the  same  territory  that  had  been  flooded  in  the  preceding 
epoch  and  it  is  known  to  have  extended  far  to  the  north  in  western  Canada 
and  Alaska.  The  Arizona,  Utah,  Colorado,  and  Wyoming  country  was 
covered  by  nonmarine  clays,  silts,  sands,  and  some  gravel.  Large  trees 
growing  on  uplands  near  the  region  of  sedimentation,  or  possibly  in  part 
within  it,  were  carried  by  streams  and  buried  with  the  mud  and  sand. 
Semiaquatic  reptiles  are  found  in  places  and  there  are  also  fresh-water 
mussels.  Considerable  volcanic  activity  along  the  Pacific  Border  in 
Triassic  time  is  shown  by  igneous  rocks  and  materials  that  are  mingled 
with  the  sedimentary  formations  in  a  number  of  places.  The  occurrence 
of  volcanic  ash  beds  (bentonite)  in  the  Upper  Triassic  of  the  Western 
Interior  region  proves  that  there  were  explosive  eruptions  of  volcanoes 
in  neighboring  territory,  probably  of  the  Pacific  Border,  from  which  the 
prevailing  westerly  winds  drifted  the  ash  eastward. 

Close  of  the  Period. — The  Triassic  period  was  brought  to  a  close  by 
geographic  changes  of  some  importance,  although  these  are  perhaps  less 

c.  Close  of  Triassic  sedimentation.     The  deposits  and  accompanying  trap  sheets  fill  a  downfaulted 
trough. 

d.  Mountains  and  hills  of  Early  Jurassic  time.     The  Triassic  and  adjoining  older  rocks  were  uplifted 
(Palisades  disturbance)  and  subjected  to  active  erosion.  .        ,™  „  r» 

e.  Penepla nation.     The  region  appears  to  have  been  peneplaned  in  pre-Cretaceous  time  (Fall  oone 
peneplain),  elevated  gently  with  warping,  and  peneplaned  again  in  Tertiary  time. 

/.  At  the  present  time  the  crystalline  roek.s  on  the  east  and  weat  sides  of  the  Triassic  belt  comprise  a 
tligaeoted  upland  with  even  skyline  that  represents  the  Tertiary  peneplanation.  Hogback  ridges  of 
Triaaaic  trap  rise  to  the  same  level,  but  the  weak  rocks  have  been  carved  to  make  the  broad  Connecticut 
Valley, 
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noteworthy  in  North  America  than  elsewhere.  There  appear  to  have 
been  relatively  sudden  and  marked  changes  in  the  character  of  the  marine 
organisms,  and  these  changes  are  presumably  due  to  abrupt  and  con- 
siderable modifications  of  environment.  In  North  America  there  were 
crustal  movements  along  the  Atlantic  Border  which  resulted  in  tilting 
and  faulting  of  Triassic  and  older  rocks,  but  there  was  no  appreciable 
folding.  This  has  been  called  the  Palisades  disturbance  (Schuchert). 
Mountains  were  formed,  but  they  were  probably  not  comparable  at  all 
with  the  Late  Paleozoic  Appalachians. 

The  western  sea  retreated  for  a   time  at  the  close  of  the  Triassic 
period,  for  there  is  an  unconformity  at  the  base  of  the  oldest  marine 


FIG.  247. — Triassic  red  sandstones  (Chugwater)  near  Tenaleep,   Wyo.     (.V.   77.   Dai  ton, 

U.  8.  Geol.  Survey.) 

Jurassic  rocks  in  this  region.  There  is  an  unconformity  also  at  the  base 
of  the  great  sandstone  deposits  of  the  Western  Interior  which  probably 
marks  the  line  of  division  between  Triassic  and  Jurassic.  At  least  local 
upwarping  in  southwestern  Colorado  resulted  in  removal  by  erosion  of 
3,000  feet  or  more  Triassic  and  Paleozoic  rocks.  Here  the  Jurassic 
(Upper)  rests  unconformably  on  pre-Cambrian  rocks.  Folding  of 
Triassic  strata  is  reported  in  part  of  Alaska,  the  deformed  and  eroded 
Triassic  being  unconformably  overlaid  by  Jurassic  formations. 

Climate. — Prevalence  of  red  beds  in  areas  of  Triassic  continental 
sedimentation  and  common  occurrence  of  gypsum  (also  salt  in  Europe) 
in  formations  of  this  a&e  are  cited  a.s  evidences  of  aridity.  Oxidation 
of  iron  that  makes  i  he  red  color  may  take  place  under  moderately  moist 
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temperate  conditions,  however,  or  even  in  a  very  moist  tropical  environ- 
ment. The  weathered  detrital  materials  now  being  carried  from  various 
humid  regions  of  the  United  States  are  red  in  color.  The  large  trees 
which  occur  in  the  " petrified  forests"  of  the  western  Triassic  suggest 
congenial  conditions  as  regards  plant  growth,  probably  plenty  of  moisture 
and  moderate  temperature.  The  trees  have  growth  rings  indicating 
the  presence  of  seasonal  changes,  but  there  is  certainly  nothing  to  suggest 
the  stunted  growth  of  desert  plants.  Similarly,  the  luxuriant  plants 
of  the  eastern  Triassic  coal  swamps  and  lake  borders  are  not  arid  types, 
and,  even  though  the  red  sediments  are  mostly  lacking  in  organic  remains, 
it  may  be  argued  that  occurrence  of  very  abundant  tracks  of  reptiles  in 
parts  of  these  deposits  is  not  consonant  with  the  hypothesis  of  distinct 
aridity  of  climate.  Conditions  in  the  eastern  Triassic  basins  were 
probably  not  very  unlike  those  that  prevail  in  the  same  region  at  the 
present  time,  or  in  the  central  valley  of  California.  The  annual  rainfall 
of  Triassic  time  in  many  places  may  have  been  greater  than  now.  Varia- 
tion in  climatic  conditions,  much  as  exists  today,  rather  than  widespread 
uniformity  may  be  predicated. 

ECONOMIC  PRODUCTS 

Chief  materials  of  Triassic  age  that  are  of  commercial  value  are  salt  and  gypsum. 
The  salt  deposits  occur  in  Germany,  where  they  are  extensively  worked.  Gypsum 
is  quarried  in  Montana,  Nevada,  Wyoming,  and  South  Dakota,  and  in  places  the 
beds  are  more  than  50  feet  thick.  Enormous  quantities  of  building  stone  have  been 
taken  from  outcrops  of  eastern  Triassic  reddish  sandstone  ("brownstone")  of  the 
Newark  series,  for  the  rock  is  easily  quarried  and  fairly  strong.  Use  of  this  sandstone 
is  much  less  extensive  now,  however,  than  formerly.  The  hard,  tough  trap  rocks 
furnish  excellent  road  material  and  aggregate  for  concrete  work.  It  is  said  that  the 
first  mined  coal  in  North  America  was  located  in  the  Virginia  Triassic  area.  The  coal 
beds  have  long  been  a  source  of  local  supply  but  are  of  small  account  as  compared  with 
the  Pennsylvanian  fields. 

SUMMARY 

The  Triassic  period  comprises  the  first  portion  of  Mesozoic  time. 
The  name  is  derived  from  Germany  where  there  are  three  prominent 
divisions  in  the  rocks  of  this  age:  Bunter  (sandstone),  Muschelkalk  (lime- 
stone), and  Keuper  (red  shale  and  sandstone).  The  Triassic  rocks  are 
mostly  well  defined  stratigraphically,  being  separated  almost  everywhere 
from  older  rocks  by  an  unconformity  and  from  younger  rocks  by  impor- 
tant differences  in  fossils  and  in  many  places  by  unconformity.  Red 
beds  and  other  nonmarine  deposits  are  extremely  widespread.  Marine 
formatiens  are  less  extensive  than  in  the  later  Mesozoic,  but  they  are 
locally  very  thick. 

North  America  contains  Triassic  rocks  (1)  in  a  series  of  elongate 
narrow  troughs  trending  from  northeast  to  southwest  along  the  Atlantic 
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Border,  (2)  in  a  very  large  part  of  the  Western  Interior,  and  (3)  along  the 
Pacific  Border. 

The  Atlantic  areas  show  only  nonmarine  strata  of  Late  Triassic  age 
(Newark  series).  Massive  and  thin-bedded  sandstone,  in  part  strongly 
cross-bedded,  and  sandy  shale  predominate.  The  color  is  mostly  red 
or  reddish-brown.  Locally,  there  are  dark-colored  shale  and  coal  beds. 
The  sediments  were  carried  by  streams  from  mountain  or  upland  areas 
and  deposited  in  valley  troughs  as  great  alluvial  fans  or  contributed  to 
shallow  lakes.  The  thickness  of  these  Triassic  deposits  is  great — 10,000 
to  20,000  feet.  Dark-colored  igneous  rocks  (trap)  are  a  striking  feature 
of  the  Triassic  areas.  The  trap  occurs  mostly  in  sheets  parallel  to  the 
bedding  of  the  sedimentary  rocks  and  represents  both  extrusive  flows  and 
intrusive  sills.  Because  of  their  resistance  to  erosion,  the  trap  rocks  are 
topographically  prominent  at  the  present  time.  Post-Triassic  faulting 
and  tilting  have  disturbed  the  rocks  in  the  various  basins,  but  except 
very  locally  the  strata  are  not  folded.  Subsequent  erosion  has  truncated 
the  inclined  beds. 

The  Triassic  of  the  Western  Interior  is  mainly  nonmarine  and  consists 
of  red  beds,  varicolored  shale,  and  gypsum.  Shale  is  more  important 
quantitatively  than  sandstone.  Large  petrified  trees  are  found  in  some 
formations.  The  western  part  of  the  region  contains  marine  deposits 
as  well  as  fluviatile  and  some  wind-blown  materials.  In  spite  of  much 
variation,  there  are  broad  similarities  in  the  Triassic  formations  of 
widely  separated  parts  of  this  region.  The  thickness,  about  1,000  to 
5,000  feet,  is  much  less  than  in  the  east. 

The  Pacific  Border  Triassic  is  largely  marine.  Some  places,  as  in 
Nevada,  contain  beds  of  Early,  Medial,  and  Late  Triassic  age,  but  else- 
where the  section  is  incomplete.  Thickness  up  to  16,000  feet  is  reported. 
Volcanic  materials  are  widespread  and  abundant. 

The  climate  of  Triassic  time  was  generally  warm  and  probably  humid 
but  locally  arid. 


CHAPTER  XXIII 

FORMATIONS  AND  PHYSICAL  HISTORY    OF    JURASSIC  TIME 

No  geologic  period  outranks  the  Jurassic  from  the  standpoint  either 
of  the  general  interest  of  its  record  or  of  the  importance  of  its  contribution 
to  geologic  science.  The  marine  Jurassic  strata  of  Europe,  where  first 
studies  of  rocks  of  this  age  were  made,  contain  a  wonderful  profusion  of 
well-preserved  fossils,  and  there  are  distinctions  in  the  shells  from  different 
beds  or  zones  that  make  possible  a  very  detailed  and  precise,  widely 
applicable  subdivision  of  the  system.  North  America  has  marine 
Jurassic  deposits  in  the  west,  but  they  are  apparently  not  so  fossiliferous, 
in  general,  as  the  European  rocks.  At  any  rate,  they  are  still  com- 
paratively little  known.  The  American  nonmarine  Jurassic  is  of  excep- 
tional interest.  It  offers  many  intriguing  geologic  problems,  and  it 
presents  one  of  the  most  imposing  displays  of  varicolored  thick  sandstones 
known  anywhere. 

The  Jurassic  has  furnished  to  geology  the  substance  on  which  the 
foundation  of  stratigraphy  and  later  much  of  its  superstructure  are  built, 
for  Jurassic  rocks  and  fossils  were  the  bases  of  researches  that  led  to 
development  of  many  important  principles  of  stratigraphic  correlation 
and  interpretation.  Also,  the  Jurassic  of  Europe  has  been  the  training 
ground  of  many  leading  geologists  and  paleontologists — William  Smith, 
Brongniart,  d'Orbigny,  von  Buch,  Quenstedt,  Oppel,  Buckman,  and 
others. 

Definition  and  General  Character. — The  name  Jurassic  is  derived  from 
the  Jura  Mountains  of  eastern  France,  southern  Germany,  and  northern 
Switzerland,  where  there  are  good  exposures  of  shale,  sandstone,  and 
limestone  beds  with  fairly  regular  character  and  sequence.  Because  of 
distinctive  color  and  other  lithologic  features,  and  the  presence  of  many 
sorts  of  fossils  that  differ  from  organisms  in  older  or  younger  strata,  the 
Jurassic  rocks  are  easily  separated  in  most  places  from  the  Triassic  below 
and  the  Cretaceous  above.  Interruptions  of  sedimentation  marked  by 
unconformities  define  the  system  also.  There  are  three  main  divisions  of 
the  Jurassic  rocks  of  northern  continental  Europe:  (1)  a  lower  part  con- 
sisting largely  of  dark-colored  shaly  beds,  called  Lias  or  Black  Jura,  (2)  a 
middle  part  containing  prominent  iron-rich  brown  sandstone  and  oolitic 
limestone,  called  Dogger  or  Brown  Jura,  and  (3)  a,n  upper  part  composed 
chiefly  of  light-colored  limestone,  called  Malm  or  White  Jura.  The 
upper  rocks  are  thick,  hard,  and  massive  and  therefore  form  prominent 
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escarpments  and  ridges.  The  total  thickness  of  the  Jurassic  formations 
in  the  Jura  Mountains  region  ranges  from  a  little  over  1,000  to  about 
1,800  feet.  The  deposits  here  are  almost  entirely  marine,  but  elsewhere 
there  are  some  nonmarine  beds. 

The  Jurassic  system  in  western  North  America  includes  marine  shale, 
limestone,  and  sandstone,  and  also  very  widespread  continental  deposits 
consisting  mostly  of  sand.  Along  the  Pacific  Coast,  volcanic  rocks 
attain  a  considerable  thickness.  Well-defined  unconformities  are 
recognized  at  the  top  and  bottom  in  many  places,  but  there  is  uncertainty 
in  the  case  of  some  of  the  unfossiliferous  continental  formations  as  to 
which  of  two  or  more  unconformities  near  the  base  and  top  of  the  system 
precisely  define  its  limits. 


FIG.  248. — Palisade  wall  of  Lower  Jurassic  (Wingate)  sandstone  resting  disconformably 
on  Upper  Triassic  (Chinle)  shale.  Circle  Cliffs,  southern  Utah.  (R.  C.  Moore.  U.  8. 
GeoL  Survey.) 

JURASSIC  FORMATIONS  OF  NORTH  AMERICA 

Outcrops  of  Jurassic  rocks  in  North  America  are  confined  to  the 
western  and  southern  parts  of  the  continent.  Study  of  the  general 
nature  of  the  formations  may  be  divided  conveniently  into  sections 
devoted  respectively  to  (1)  the  Western  Interior  region  in  which  non- 
marine  sediments  are  most  prominent,  (2)  the  Pacific  Border,  and  (3) 
Mexican  regions  in  which  marine  strata  predominate. 

Western  Interior  Region 

Distribution. — The  Western  Interior  region  includes  territory  in 
eastern  British  Columbia,  Alberta,  Montana,  Idaho,  Wyoming,  western 
South  Dakota,  Colorado,  New  Mexico,  Utah,  Arizona,  and  southern 
Nevada.  The  distribution  of  Jurassic  rocks  is  really  very  extensive. 
The  area  in  which  formations  of  this  age  are  concealed  by  younger  rocks 
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is  much  greater,  however,  than  that  in  which  they  now  appear  at  the 
surface,  and  there  are  undoubtedly  many  thousands  of  square  miles 
where  Jurassic  rocks  were  once  present  but  have  subsequently  been 
eroded.  On  the  flanks  of  the  Black  Hills,  Rocky  Mountains,  Bighorns, 
Uintas,  and  other  ranges  the  outcrops  of  the  Jurassic  formations  are 
narrow  bands,  for  the  dip  is  fairly  steep.  Only  in  the  Colorado  Plateau 


FIG.  249. — Map  of  North  America  showing  outcrop  areas  of  the  Jurassic  system  (black) 
and  the  inferred  area  of  original  distribution  of  Jurassic  deposits  (oblique  shading).  (V.  R. 
D.  Kirkham,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry  Holt  <fe  Company.) 

country  of  southern  Utah  and  northern  Arizona  are  there  broad  areas  of 
Jurassic  outcrop.  Because  this  last  district  is  fairly  typical  of  the  whole 
region  and  because  the  rocks  are  strikingly  displayed  in  imposing  cliffs 
and  canyons,  we  may  select  it  for  special  notice. 

Jurassic  Section  of  the  Colorado  Plateaus. — Traveling  northward 
from  the  Grand  Canyon,  one  passes  from  the  hard  Upper  Paleozoic 
limestone  that  upholds  the  plateau  near  the  canyon  to  lowlands  formed 
by  weak  Triassic  rocks  and  soon  encounters  a  great  impassable  wall  of 
sandstone  that  is  made  by  the  lower  part  of  the  rock  strata  classified  as 
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Jurassic.  The  line  of  cliffs,  a  thousand  feet  or  more  in  height,  may  be 
followed  for  scores  of  miles,  an  unscalable  obstacle  to  travel  which  can 
be  crossed  only  at  a  few  places  where  streams  have  carved  canyon  valleys. 
The  sandstone  (Wingate)  is  reddish-brown  in  color,  but  in  the  light  of 
the  early  morning  or  evening  sun  it  takes  on  a  more  brilliant  hue  that 
suggested  to  explorers  the  name  Vermilion  Cliffs.  A  dip  slope  at  the 
top  of  the  sandstone  is  inclined  gently  northward  reaching  to  the  base  of 
another  great  cliff  of  massive  light-creamy  tan  or  white  sandstone 
(Navajo)  known  as  the  White  Cliffs.  This  rock  is  surprisingly  uniform 
in  character  from  top  to  bottom,  practically  without  bedding  except 
cross-lamination  which  is  developed  on  a  huge  scale  and  shown  promi- 


FIG.  250. — Upper  Jurassic  sandstones  (Entrada,  Morrison)  and  marine  shale  (Carmel) 
overlying  Lower  Jurassic  sandstone  (Navajo).  Glen  Canyon  of  Colorado  River,  south- 
eastern Utah.  (K.  C.  Moore,  U.  S.  Geol.  Survey.) 

nently  on  weathered  surfaces.  The  formation  is  more  than  1,000  feet 
thick  in  southeastern  Utah  and  increases  westward  to  about  3,500  feet 
in  southern  Nevada,  beyond  which  point  it  is  not  known.  Some  of  the 
canyons  that  have  been  carved  in  this  sandstone  are  amazingly  steep- 
sided  and  narrow,  many  hundreds  of  feet  deep,  and  not  very  much  wider 
at  the  top  than  at  the  bottom.  Zion  Canyon,  one  of  the  national  parks 
that  is  visited  annually  by  thousands  of  vacation  travelers,  is  eroded  in 
these  Jurassic  sandstones;  and  Rainbow  Natural  Bridge,  one  of  the  largest 
and  most  graceful  features  of  this  sort  known,  is  composed  of  this  rock. 
The  thick  sandstones  that  make  the  Vermilion  and  White  Cliffs  are 
called  the  Glen  Canyon  group. 

The  higher  Jurassic  strata  (San  Rafael  group)  in  I  he* soul  hern  Utah 
plateau  country  consist  of  other  thick,  cliff-forming  sandstone  formations, 
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d»rk-red  whale,  siliceous  limestone,  aod  gypsum.  There  arr  at  least  two 
horizons  in  which  marine  fossils  occur  and  these  are  traceable  for  very 
long  distances.  It  is  therefore  apparent  that  the  sea  covered  this  part 
of  the  Western  Interior  during  some  of  Jurassic  time.  Whether  the 
thick  cross-bedded  sandstones  are  also  marine  or  nonmarine  deposits 
is  not  altogether  certain,  although  weight  of  evidence  indicates  that  they 
are  wind-blown  desert  sands.  Wind-faceted  pebbles  (dreikanter)  have 
been  observed  in  the  sandstone,  but  fossils  are  lacking. 


FKJ.  251. — Cross-bedding  in  Lower  Jurassic  (Navajo)  sandstone.  This  type  of  bedding 
strongly  suggests  wind  action.  Note  the  peculiar  distribution  of  red-brown  color  which 
appears  dark  in  the  view.  Circle  Cliffs,  southern  Utah.  (R.  C.  Moore,  U.  S.  Geol.  Survey.) 

Above  the  marine  Jurassic  rocks,  and  separated  from  them  by  an 
unconformity,  is  a  distinctive  nonmarine  formation  (Morrison)  that  is 
very  widely  distributed  in  the  west.  It  consists  of  irregularly  bedded 
sandstone,  conglomerate,  shale,  and  locally  fresh- water  limestone  of 
peculiar  character;  reddish  and  greenish  colors  prevail  but  other  tints 
are  common.  The  deposits  are  mostly  of  ftuviatile  origin.  Remains  of 
land  animals  and  land  plants  are  found,  but  there  is  question  whether 
they  should  be  classified  as  Late  Jurassic  or  Early  Cretaceous.  Recent 
studies  (Reeside)  strengthen  the  conclusion  that  they  should  be  assigned 
to  the  Jurassic. 

Taken  together,  the  Jurassic  formations  of  the  southwest  are  the 
most  striking  rocks  of  the  plateau  country.  Certainly  they  are  strongly 
differentiated  in  lithologic  character  from  the  weak  shaly  strata  of  the 
Triassic  below  and  from  the  dark  shale  and  entirely  different-looking 
brownish  sandstone  beds  of  the  Cretaceous  above.  Thick,  cross-bedded 
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sandstone  is  the  dominant  kind  of  Jurassic  rock.  The  total  quantity 
of  sand  is  so  enormous  that  it  taxes  imagination.  A  conservative  esti- 
mate of  the  volume  of  Jurassic  sand  originally  present  in  the  Western 
Interior  states  exceeds  50,000  cubic  miles  of  quartz  sand.  The  fact  that 
thickness  gradually  increases  from  east  to  west  and  the  observation  that 
the  prevailing  inclination  of  cross-bedding  is  easterly  support  the  con- 
clusion that  most  of  the  sand  came  from  land  to  the  west.  If  the  source 
of  the  sand  were  chiefly  granite  or  other  quartz-bearing  igneous  rock, 
the  disintegration  of  such  material  would  have  yielded  far  more  non* 
quartzose  sediment  than  quartz  grains.  Since  quartz  sand  composes  so 
large  a  part  of  all  the  known  Jurassic  in  the  Western  Interior,  it  is  likely 
that  the  source  of  the  quartz  was  mainly  older  sandstones  and  quartzites. 
It  may  be  noted  that  thick  Paleozoic  and  pre-Cambrian  formations  of 
this  sort  are  known  in  the  region  from  which  the  Jurassic  sediments  are 
inferred  to  have  been  chiefly  derived. 

The  Jurassic  rocks  in  western  Colorado  are  much  thinner  than  in 
the  plateau  country  farther  west.  Evidence  that  the  Colorado  region 
was  relatively  higher  than  adjoining  districts  at  this  time  is  found  in  this 
thinning  of  the  Jurassic  deposits,  and  in  the  unconformable  contact  of 
Jurassic  beds  on  rocks  as  old  as  pre-Cambrian.  Good  exposures  of  the 
unconformity  at  the  base  of  the  Jurassic  are  seen  in  southwestern  Colo- 
rado (Redra  River),  where  Glen  Canyon  sandstone  rests  on  uplifted 
and  beveled  Triassic,  Paleozoic,  and  Proterozoic  rocks,  and  in  central 
Colorado,  where  the  Morrison  formation  lies  on  pre-Cambrian  granite. 

Marine  Invasion. — The  marine  Jurassic  rocks  of  the  Western  Interior 
region  occur  far  to  the  north  and  are  recognized  as  far  east  as  the  Black 
•Hills  of  South  Dakota  (Sundance  formation).  The  waters  in  which 
these  beds  were  deposited  spread  southward  from  an  embayment  of  the 
Arctic  and  North  Pacific  in  western  Canada,  and  the  fossils  show  that  this 
sea  was  part  of  the  so-called  Boreal  province  of  Jurassic  time,  which  is 
well  represented  in  Greenland,  England,  and  Russia.  The  distribution 
of  the  deposits  marking  various  extensions  of  this  sea  suggests  that  the 
marine  invasions  were  probably  separated  by  withdrawals  of  major 
order.  Southeastern  Idaho  contains  a  thickness  of  about  6,000  feet  of 
Jurassic  strata  in  which  there  is  record  of  at  least  two  separate  advances 
of  the  sea.  There  is  no  evidence  of  a  direct  communication  between  the 
California  marine  embayment  and  that  which  covered  Utah  and  adjacent 
country  to  the  north. 

Pacific  Border  Region 

Jurassic  formations  occur  in  much  of  California,  Nevada,  Oregon, 
Washington,  British  Columbia,  and  Alaska.  Locally,  as  in  western 
British  Columbia,  the  total  thickness  is  18,000  feet.  Sandstone  and 
dark  slaty  material  predominate  but  there  are  widespread  limestones  and 
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in  places  conglomerate  is  prominent.  The  Middle  Jurassic  rocks  of 
(California,  western  Canada,  and  southeastern  Alaska  show  a  large  pro- 
portion of  admixed  volcanic  (tuffaceous)  material  which  proves  that 
eruptions  of  the  explosive  type  occurred  with  frequency  in  country 
adjoining  this  region.  As  a  result  of  much  folding,  faulting,  and  in 
places  metamorphism,  which  the  Jurassic  rocks  of  this  region  have 
suffered,  their  structure  is  now  very  complex. 

The  lower  part  of  the  Jurassic  (Lias)  is  identified  in  southern  and 
western  Nevada,  northern  California,  Oregon,  British  Columbia,  and 
Alaska.  Some  of  the  beds  contain  very  numerous  fossils.  The  generally 
fine-grained  texture,  large  calcareous  content,  and  even,  persistent  bed- 
ding of  the  Lower  Jurassic  rocks  in  the  Pacific  Border  region  indicate 
absence  of  elevated  near-by  lands.  Excepting  a  place  or  two  where  a 
small  amount  of  conglomerate  is  found,  even  the  basal  beds  are  no  coarser 
than  fine  sandstone. 

Middle  Jurassic  rocks  are  distributed  from  California  to  Alaska  but 
are  mostly  restricted  to  a  coastal  belt  that  is  a  few  hundred  miles  wide 
at  the  most.  Volcanic  rocks,  consisting  of  agglomerate,  tuff,  and  lava, 
are  prominent,  and  in  places  they  have  an  aggregate  thickness  of  several 
thousands  of  feet.  There  are  also  extensive  marine  Jurassic  beds  that 
yield  abundant  fossils.  The  sequence  of  volcanic  rocks  and  marine  beds 
shows  that  eruptions  were  confined  mainly  to  the  early  and  late  parts  of 
Medial  Jurassic  time,  the  sea  being  most  extensive  and  vulcanism  least 
active  in  the  mid-portion  of  this  epoch. 

Upper  Jurassic  marine  deposits  are  widespread  in  the  Pacific  Border 
region.  They  consist  mostly  of  dark  shales.  Fossils  are  abundant  in 
some  beds.  Volcanic  activity  of  Late  Jurassic  date  is  shown  by  the  occur- 
rence of  1,800  feet  of  tuff  in  British  Columbia  associated  with  Upper 
Jurassic  fossil-bearing  beds.  There  are  also  volcanic  materials  of  this 
age  in  California. 

Evidence  of  early  Late  Jurassic  crustal  deformation  is  seen  in  south- 
western British  Columbia  (Harrison  Lake),  where  an  angular  uncon- 
formity and  thick  beds  of  conglomerate  occur,  and  there  are  similar 
but  less  definite  evidences  in  Alaska  and  the  California  Coast  Ranges 
(Crickmay). 

Jurassic  rocks  are  absent  throughout  a  belt  that  extends  southward 
from  the  Gold  Ranges  of  British  Columbia,  through  Idaho,  western 
Utah,  and  Nevada,  to  Arizona  and  Sonora.  The  fact  that  Coarse  clastic 
deposits  of  Jurassic  age  border  this  belt  on  both  the  east  and  the  west 
appears  to  indicate  that  a  land  axis  existed  in  Jurassic  time  between  the 
eastern  and  western  areas  of  Jurassic  sedimentation.  This  land  has  been 
termed  the  Cordilleran  intermontane  geanticline.  The  area  of  repeated 
marine  inundation  on  the  west  is  known  as  the  Pacific  geosyncline  and 
that  on  the  east  as  the  Rocky  Mountaii*  geosyncline.  During  the 
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FIG.  252.— Generalized  sections  of  the  Jurassic  system  in  Utah,  Wyoming,  South  Dakota, 

Idaho,  and  California* 


FORMATIONS  AND  PHYSICAL  HISTORY  OF  JURASSIC  TIME    421 

Jurassic  period,  waters  from  the  Pacific  gained  access  to  the  eastern 
geosynclinal  area  by  a  passage  around  the  northern  end  of  the  Cordilleran 
intermontane  geanticline,  but  the  enlargement  of  this  land  in  Late  Jurassic 
time  served  to  prevent  later  incursions  from  the  Pacific  from  entering 
the  Rocky  Mountain  geosyncline. 

The  Jurassic  rocks  of  the  Coast  Ranges  of  California  are  difficult  to 
study  because  of  their  complexity  of  structure,  variation  in  lithologic 
character,  and  paucity  of  fossils.  They  have  been  commonly  grouped 
under  the  name  Franciscan  series,  derived  from  altered  sandstones  and 
other  sediments  in  the  San  Francisco  region.  It  is  now  becoming 
evident  that  the  greatly  disturbed,  in  part  strongly  metamorphosed  pre- 
Cretaceous  rocks  of  the  Coast  Ranges  are  not  all  Jurassic,  and,  although 
not  likely,  it  is  barely  possible  that  the  type  Franciscan,  in  which  no 
fossils  have  been  discovered,  is  not  Jurassic.  The  Jurassic  fossils  that 
have  been  found  locally  prove  that  rocks  of  this  age  occur  in  the  Coast 
Ranges. 

The  thickness  of  Jurassic  formations  in  the  Pacific  Border  region 
shows  much  variation.  A  maximum  of  about  5,000  feet  of  beds  is 
recorded  from  central  British  Columbia,  18,000  feet  in  western  British 
Columbia,  and  6,000  feet  in  northern  California.  The  last  figures  do 
not  take  account  of  a  reported  thickness  of  9,000  feet  of  Middle  Jurassic 
volcanic  rocks  in  Placer  County,  northern  California  (Crickmay). 

Gulf  Region 

Widely  scattered  small  outcrops  of  Jurassic  rocks  occur  in  Mexico, 
in  the  Malone  Mountains  of  southwestern  Texas,  and  in  western  Cuba. 
The  rocks  are  mostly  limestone,  but  clay  shale  and  sandy  beds  also  occur. 
The  Texas  Jurassic,  which  belongs  to  the  upper  part  of  the  system,  is 
reported  to  exceed  1,200  feet.  Lower  Jurassic  beds  unconformably 
overlaid  by  Upper  Jurassic  rocks  are  found  in  southern  Mexico.  These 
deposits  of  the  Gulf  region  are  marine  and  represent  a  transgression  of 
waters  belonging  to  the  Mediterranean  province  of  Jurassic  time,  rather 
than  the  Boreal  province  which  is  represented  in  the  Western  Interior 
and  Pacific  Border  regions.  The  fossils,  which  are  numerous  in  some 
beds,  correspond  closely  to  species  from  the  Jurassic  formations  of  south- 
western and  southern  Europe  and  the  Tethys  geosyncline  of  Asia. 

Igneous  Rocks 

Besides  eruptive  materials  that  are  found  in  Jurassic  formations  of 
the  Pacific  Border  region,  the  western  part  of  North  America  contains 
large  areas  in  which  deep-seated  igneous  rocks  of  Jurassic  age  are  exposed. 
As  a  matter  of  fact,  these  outcrops,  which  cover  several  thousand  square 
miles,  exceed  in  extent  all  of  the  exposures  of  sedimentary  Jurassic  rocks 
put  together.  With  some  interruption,  the  igneous-rock  exposures  reach 
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from  Lower  California  and  the  mainland  of  western  Mexico  to  Alaska. 
Rather  vividly  colored,  they  are  prominent  on  the  geologic  map.  The 
rocks  are  granitic  in  appearance  but  are  more  basic  in  character  than 
granite  and  are  called  granodiorite  or  quartz  monzonite.  They  were 
intruded  into  Jurassic  and  other  rocks  in  the  closing  stages  of  the  Jurassic 
period  and  are  evidently  related  to  the  mountain-making  disturbances 
that  affected  the  Pacific  region  at  these  times.  Their  present  exposure 
is  clearly  due  to  post-Jurassic  erosion.  As  a  result  of  elevation  in  very 
recent  geologic  history,  the  Sierra  Nevada  portion  of  the  Jurassic  grano- 
diorite masses  contains  the  highest  mountain  in  the  United  States  outside 
Alaska;  this  is  Mount  Whitney,  14,502  feet. 

The  great  mass  of  "  granite "  and  other  crystalline  rocks  that  forms 
the  core  of  the  Sierra  Nevadas,  Cascades,  and  other  mountain  ranges  of 
the  west  involved  in  post-Jurassic  deformation  are  certainly  not  all 
assignable  to  igneous  invasions  belonging  near  the  close  of  Jurassic  time. 
Carboniferous  batholiths  are  recognized,  and  some  of  the  crystalline 
rocks  are  very  possibly,  if  not  probably,  of  pre-Cambrian  age. 

JURASSIC  FORMATIONS  OF  OTHER  CONTINENTS 

Deposits  of  Jurassic  age  are  recognized  in  all  of  the  continents  including  Antarctica 
and  in  most  cases  both  marine  and  continental  formations  occur,  the  latter  coal-bear- 
ing in  parts  of  Europe,  Asia,  Australia,  and  elsewhere. 

Europe. — Jurassic  rocks  are  especially  important  in  western  and  southern  Europe. 
Marine  limestone  occurs  at  the  base  of  the  system  in  the  Mediterranean  region,  indi- 
cating persistence  of  the  general  conditions  that  had  existed  here  in  the  Triassic  period. 
Northwestern  Europe,  including  much  of  Germany,  France,  and  the  British  Isles, 
shows  dark-colored  marine  shaly  rocks  (Lias)  resting  unconformably  on  continental 
Upper  Triassic.  The  Early  Jurassic  sea  thus  covered  much  territory  that  Had  pre- 
viously been  land.  Many  kinds  of  marine  organisms  are  found,  among  them  remark- 
ably preserved  reptile  skeletons  with  bones  in  place,  which  are  prized  exhibits  in 
museums. 

The  Middle  Jurassic  consists  largely  of  oolitic  limestone  in  England,  sandstone 
and  iron  oolites  in  southern  Germany,  and  of  fairly  pure,  bedded  limestone  in  France 
and  the  Mediterranean  region  generally.  Marine  rocks  of  this  age  occur  in  much  of 
northern  Russia.  Many  features  indicate  shallow-water  deposition  and  there  was 
considerable  local  oscillation.  Continental  beds  with  coal  occur  in  Scotland. 

Upper  Jurassic  rocks  are  mostly  calcareous,  in  both  northern  and  southern  Europe. 
In  Great  Britain,  oolite  is  prominent;  one  of  the  formations  is  known  as  the  Coral  rag 
on  account  of  abundance  of  fossil  corals.  The  Upper  Jurassic  limestones  of  southern 
Germany  contain  many  reeflike  masses  that  are  composed  chiefly  of  sponges,  cal- 
careous algae,  and  pelecypod  shells.  Lagoonal  limestone  deposits  of  exceptionally 
fine  texture  and  even  thin  bedding  occur  in  association  with  these  reefs.  Remains 
of  marine  animals  and  also  flying  land  animals  are  very  perfectly  preserved  in  this 
rock,  which  originally  was  an  impalpable  soft  ooze.  Quarries  at  Solnhofen,  in 
Germany,  are  world-famous  on  account  of  the  unusually  fine  fossils  collected  there. 
Among  these  are  the  two  only  known  specimens  of  the  oldest  fossil  birds.  The 
uppermost  Jurassic  contains  fresh-water  deposits  in  England  and  northern  Germany, 
but  marine  calcareous  beds  continue  to  the  top  of  the  system  in  the  Mediterranean 
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and  Russian  regions.     The  Rock  of  Gibraltar,  at  the  entrance  to  the  Mediterranean, 
is  an  eroded  fault  block  of  Jurassic  limestone. 

Asia. — Jurassic  rocks  are  especially  widespread  in  Asia.  Much  of  Siberia  and 
northern  China  contain  continental  Lower  Jurassic  deposits  with  coal,  but  on  the 
Arctic  and  Pacific  Borders,  and  also  in  the  Caucasus  region,  rocks  of  this  age  are 
marine.  Middle  Jurassic  beds  in  India  and  Upper  Jurassic  marine  strata  covering 
vast  areas  in  the  northeast  and  southwest  parts  of  the  continent  are  recorded. 

PHYSICAL  HISTORY  OF  JURASSIC  TIME 

The  distribution  and  character  of  the  Jurassic  rocks,  including  espe- 
cially evidence  derived  from  the  fossil  remains  of  land  and  sea  life  con- 
tained in  these  rocks,  furnish  the  data  on  which  an  account  of  the  history 
of  the  Jurassic  period  must  be  based.  The  record  in  North  America  is 
much  less  complete  than  in  Europe  but  the  incompleteness  itself  has 
significance  as  to  conditions  on  this  continent.  We  should  be  much  more 
poorly  prepared,  however,  to  understand  the  American  Jurassic  if  the 
European  section  were  unknown. 

Erosion. — Viewed  broadly,  the  Jurassic  was  a  time  of  continental 
emergence  in  North  America.  Erosion  exceeded  deposition  as  regards 


Fio.  253. — Geologic  section  in  west  central  Colorado,  showing  Jurassic  sandstone  (J) 
resting  directly  on  pro-Cambrian  granite  (Ag).     (U.  S.  Geol.  Survey.) 

the  areas  that  are  now  land.  Since  the  eastern  half  of  the  United  States 
and  Canada  contains  no  known  Jurassic  rocks,  it  is  probable  that  none 
were  ever  formed,  except  somewhere  at  the  continental  margin  east  of 
the  present  coast  line,  or  at  any  rate  east  of  the  inner  border  of  the 
Coastal  Plain.  We  find  evidence  of  much  erosion  in  the  parts  of  the 
Appalachian  area  where  very  thick  Triassic  deposits  had  been  formed, 
because  the  Triassic  and  adjoining  pre-Triassic  rocks  were  strongly 
elevated,  with  tilting  and  faulting  of  the  Triassic  formations,  and  then 
base-leveled  before  the  beginning  of  Early  Cretaceous  sedimentation. 
The  peneplain  thus  formed  is  designated  the  Fall  Zone  peneplain  (D.  W. 
Johnson)  (see  Figs.  241  and  332).  Widespread  erosion  of  all  eastern 
North  America  in  Jurassic  time  may  be  assumed  confidently,  but  it  does 
not  follow  necessarily  that  this  erosion  removed  great  quantities  of 
Paleozoic  and  older  rocks.  The  extent  to  which  streams  may  denude  a 
region  depends  on  the  position  of  the  land  surface  with  respect  to  base 
level.  Accordingly,  if  the  land  of  Jurassic  time  was  low — and  except  in 
the  Appalachians,  elevation  could  only  have  been  very  moderate — little 
effect  quantitatively  can  be  expected  from  either  widespread  or  'pro- 
longed erosion.  About  all  that  can  be  said  is  that  the  gently  warped 
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Paleozoic  formations  west  of  the  Appalachian  Mountains  and  the  com- 
plexly folded  and  faulted  rocks  of  the  mountains  also  were  very  smoothly 
beveled  by  the  work  of  streams  during  Mesozoic  time.  Much  of  this 
erosion  belongs  to  the  Jurassic  period. 

The  basal  Lower  Cretaceous  rocks  in  Arkansas,  Oklahoma,  and  Texas 
rest  on  an  even  surface  that  cuts  across  Paleozoic  formations  ranging  in 
age  from  Pennsylvanian  to  Cambrian  and  that  in  a  few  places  is  carved 
on  pre-Cambrian  rocks.  This  erosion  surface  is  a  well-developed  pene- 
plain that  was  formed  during  the  interval  from  Pennsylvanian  to  early 
Lower  Cretaceous  time.  Probably  the  time  of  peneplanation  may  be 
assigned  largely  to  the  Jurassic  period. 


FK;.  254 A.      A  modern  waste  of  hare  rook  and  sand  laid  on  the  foundation  of  a  Jurassic 

desert. 

The  western  part  of  North  America,  including  especially  territory 
that  now  belongs  to  the  Great  Basin,  must  have  been  eroded  greatly,  for 
it  appears  that  most  of  the  thick  sandy  deposits  of  Jurassic  age  in  the 
Colorado  Plateau  country  came  from  there.  Similarly,  the  thick  sandy 
and  shaly  rocks,  including  some  conglomerate,  that  comprise  the  Jurassic 
of  the  Pacific  Border  were  probably  derived  from  erosion  of  near-by 
uplands.  In  California  the  local  Paleozoic  source  of  some  of  the  Jurassic 
sediments  is  established. 

Continental  Sedimentation. — If  the  highly  cross-bedded  sandstones 
that  form  so  large  a  part  of  the  Jurassic  deposits  in  the  Colorado  Plateau 
country  are  rightly  identified  as  continental  deposits,  we  must  conclude 
that  great  desert  areas  existed  in  the  southwestern  United  States  in 
Jurassic  time.  The  prevalence  of  the  cross-bedding  and  its  large  scale 
indfcate  wind  work.  There  is  also  evidence  of  stream  deposition  in 
widespread  very  irregularly  bedded  sandstone,  shale,  and  gravel  beds, 
which  occur  in  the  midst  of  the  cross-bedded  sand  deposits.  We  may 
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infer,  therefore,  that  after  a  time  in  the  early  part  of  the  Jurassic  period, 
when  desert  conditions  were  dominant,  there  was  an  interval  of  greater 
rainfall  when  streams  (probably  originating  mainly  in  the  Colorado 
country)  encroached  on  the  dune-sand  areas,  reworking  some  of  the  sand 
and  spreading  it  out  with  other  detritus  to  form  a  sandy  fluvial  plain. 
The  fact  that  the  thick  western  part  of  the  Jurassic  sand  deposits  lacks 
these  stream-borne  beds  suggests  that  the  water  disappeared  by  soaking 
into  the  porous  sand  and  by  evaporation  before  it  reached  this  region. 
Similar  conditions  may  be  seen  today  at  the  margins  of  certain  deserts. 

After  the  Medial  and  Late  Jurassic  marine  invasions  that  submerged 
parts  of  the  Western  Interior  region,  there  was  an  interval  of  erosion  and 


FIG.  254B.   Continuation  of  254A.     Glen  Canyon  of  Colorado  River  carved  in  massive 
Lower  Jurassic  sandstone.     Near  Lees  Ferry,  Ariz.     (E.  C.  La  Rue,  V.  S.  Geol.  Survey.) 

then  the  very  extensive  deposition  of  Morrison  sediments.  The  lithologic 
character  and  irregular  bedding  of  this  formation  indicate  that  it  is 
mainly  the  work  of  streams,  but  parts  of  it  are  possibly  of  lake  origin. 
The  physiography  of  this  ancient  time  is  too  little  known  to  permit 
definite  statement  as  to  the  attitude  of  the  land  surface  which  influenced 
the  direction  of  flow  of  the  Morrison  streams  and  which  might  indicate 
the  chief  source  regions  of  the  Morrison  sediments.  There  is  some  evi- 
dence in  the  occurrence  of  remnants  of  this  formation  resting  on  pre- 
Cambrian  rocks  in  Colorado,  and  in  the  distribution  and  thickness  of 
the  formation,  that  a  part  of  the  Morrison  streams  may  have  radiated 
from  the  Colorado  region. 

Marine  Sedimentation. — The  Pacific  sea  invaded  California,  western 
Nevada,  and  certain  northerly  parts  of  the  coastal  region  very  early  in 
the  Jurassic  period  and  later  spread  repeatedly  over  the  western  part  of 
the  continent.  In  most  places,  mud?  and  sands  rather  than  limestones 
were  deposited.  Some  of  the  adjacent  land  must  have  been  moderately 
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elevated  and  it  was  possibly  pushed  upward  several  times,  as  indicated 
by  the  nature  and  thickness  of  the  sediments  derived  from  it.  There 
were  numerous  volcanoes  near  the  Pacific  seas  in  the  middle  and  late 
parts  of  the  period.  Much  igneous  matter  ejected  from  these  vents  was 
carried  by  wind  and  streams  to  the  sea. 

Beginning  in  early  Medial  Jurassic  time,  but  reaching  greatest 
development  in  the  later  part  of  the  period,  a  great  embayment  was 
formed  that  extended  from  British  Columbia  southward  to  Arizona  and 
eastward  to  South  Dakota.  There  was  not  a  single  slow  advance  and 
retreat  of  the  sea  in  this  region,  but,  instead,  there  is  evidence  of  several 
wide  expansions  and  withdrawals  which  did  not  coincide  in  extent.  The 
waters  that  spread  over  this  territory  were  connected  with  the  Pacific 
and  at  times  with  the  Arctic  also.  The  sediments  in  the  shallow  Western 
Interior  sea  are  mostly  fine  sandy  and  shaly  material  but  there  are  also 
some  limestone  beds.  The  Twin  Creek  formation  of  northern  Utah  and 
southwestern  Wyoming  is  made  up  largely  of  limestone  and  is  nearly 
2,000  feet  thick. 

The  Jurassic  deposits  of  Mexico  show  that  a  sea,  of  Mediterranean 
rather  than  Boreal  origin,  invaded  that  region  early  in  the  period  and 
advanced  to  southwest  Texas  in  the  late  part. 

Climate. — Evidence  of  the  climatic  conditions  in  Jurassic  time  is 
found  partly  in  lithologic  but  mainly  in  biologic  characters.  Variation 
regionally  and  changes  with  lapse  of  time  are  to  be  expected  and  are 
clearly  indicated.  Thus  we  find  contemporaneous  deposits  that  were 
apparently  formed  in  a  warm  dry  environment,  in  warm  or  cool  humid 
surroundings,  and  in  regions  subject  to  definite  seasons.  We  also  observe 
indications  of  these  contrasting  climates  in  the  successive  deposits  of  a 
single  district. 

Generally  cool  climates  in  the  Early  Jurassic  are  inferred  from  the 
great  restriction  of  some  kinds  of  animals,  and  profound  changes  which 
are  seen  especially  in  the  ammonites  among  marine  invertebrates  and  the 
evolution  of  reptiles  on  land;  also,  there  is  a  uniform  dwarfing  of  insect 
species  and  well-developed  seasonal  banding  is  found  in  trees.  Warm, 
widely  uniform  marine  conditions  in  the  middle  part  of  later  Jurassic 
time  are  shown  by  the  abundance  and  very  extensive  distribution  of  the 
life  of  the  seas.  Ammonites  were  extraordinarily  numerous  and  lived 
abundantly  in  polar  as  well  as  equatorial  latitudes.  Corals  are  common 
in  the  far  north.  The  land  flora,  including  many  plants  of  subtropical 
appearance,  is  much  the  same  in  England,  Alaska,  California,  and 
Antarctica.  Near  the  close  of  the  period,  however,  the  plants  indicate, 
in  some  places  at  least,  moderate  temperatures  and  strong  seasonal 
variations.  < 

Close  of  the  Period. — The  termination  of  Jurassic  time  is  marked  by 
of  North  America  and  other  continents,  causing  the  nearly 
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complete  withdrawal  of  seas  to  the  oceanic  basins.  It  was  a  time  of 
mountain-building  also,  for  the  western  part  of  North  America  from 
Mexico  to  Alaska  was  very  strongly  compressed.  Mountains  occupying 
the  general  position  of  the  modern  Sierra  Nevadas,  Klamaths, 
Cascades,  and  Coast  Ranges  were  elevated  in  the  California-Oregon- 
Washingtpn  region,  parts  of  westernmost  Canada,  and  the  country 
of  the  Alaskan  Coast  Ranges  farther  north.  This  is  shown  by  the 
structural  complexity  of  pre-Cretaceous  rocks  throughout  this  territory, 


Jurassic 


Fio.  255. — Geologic  section  showing  structure  of  a  part  of  the  Sierra  Nevada  Mountains 
in  California  about  60  miles  northeast  of  Sacramento.  The  folding  of  the  Carboniferous 
beds  is  partly  pre-Jurassic,  as  shown  by  the  angular  unconformity  at  the  base  of  the  Jurassic 
system.  (U.  S.  Geol.  Survey.} 

as  compared  with  the  structure  of  unconformably  overlying  Cretaceous 
rocks.  The  older  formations  were  folded,  faulted,  and  intruded 
by  igneous  rocks  and  then  deeply  eroded  before  the  beginning 
of  Cretaceous  sedimentation.  There  were  disturbances  in  Cretaceous 
and  later  time  that  have  further  complicated  the  geologic  structures. 
There  is  no  indication  that  the  mountain  ranges  existing  today  were 
differentiated  at  the  time  of  Jurassic  mountain-building.  Pronounced 
folding  took  place  in  Asia  at  the  close  of  the  Jurassic  period.  As  a  result 
of  this  diastrophism,  which  may  be  designated  as  the  Jurasside  disturb- 
ance, the  Jurassic  and  older  rocks  were  steeply  folded,  faulted,  and  in 


Tertiary  lava  flow*          Carboniferous  sandstone .  slate  and  limestone 


FIG.  256. — Folded  strata  in  the  Klamath  Mountains  of  northern  California  (Redding 
quadrangle).  The  deformation  of  this  region  belongs  partly  to  the  Jurasside  disturbance. 
(U.  S.  Geol.  Survey.) 

places  metamorphosed.  Large  thrust  faults  in  southern  Nevada  indicate 
eastward  movement  of  the  overthrust  blocks  amounting  to  several  miles. 
Recent  studies  indicate  that  some  of  the  crustal  deformation  in  this 
region  belongs  to  early  Late  Jurassic  time. 

Associated  with  the  mountain-building  was  the  very  extensive  intru- 
sion of  igneous  rocks  which  has  been  noted  previously.  The  great  igneous 
masses  are  batholiths  that  cooled  slowly  at  considerable  depth  below  the 
surface,  thus  developing  the  coarse  texture  that  is  typical  of  such  plutonio 
intrusions.  Subsequently,  when  erosion  had  removed  the  rock  above 
the  batholiths,  the  latter  were  exposed,  and  an  unknown  quantity  of  the 
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igneous  rock  has  now  been  carried  away.  The  present  topographic 
relief  in  these  western  mountains  is  wholly  due  to  uplifts  of  comparatively 
recent  geologic  date,  long  after  the  deformation  and  intrusion  that  gave 
rise  to  the  Jurassic  mountains. 

ECONOMIC  PRODUCTS 

Gold-bearing  veins  related  in  origin  to  the  great  igneous  activity  of  closing  Jurassic 
time  occur  in  the  Sierra  Nevada  region  of  California.  The  veins  follow  planes  of 
weakness  in  the  Jurassic  slaty  rocks  (Mariposa  slate)  and  other  formations.  Some 
of  the  veins,  like  the  famous  Mother  Lode,  have  yielded  millions  of  dollars  in  gold. 
Weathering  of  the  veins  frees  the  gold  particles  and  nuggets  which  are  concentrated 
because  of  their  high  specific  gravity  in  the  beds  of  streams.  Thus  many  rich  placer 
gold  deposits  have  been  formed. 

Coal  is  an  important  deposit  in  Jurassic  rocks  except  ii)  North  America.  The 
chief  occurrences  are  in  central  Europe  (Hungary)  and  Asia  (Siberia,  China,  India). 

'  SUMMARY 

The  Jurassic  system,  named  from  the  Jura  Mountains  of  central 
Europe,  is  best  developed  and  has  been  most  carefully  studied  in  Europe. 
The  formations  here  are  wonderfully  fossiliferous  and  are  divisible  into 
minute,  widely  traceable  stratigraphic  units.  The  Jurassic  is  distin- 
guished from  other  parts  of  the  Mesozoic  by  its  fossils,  by  differences  in 
lithologic  character,  and  by  unconformities  at  the  bottom  and  top. 

North  America  contains  Jurassic  deposits  only  in  the  western  half  of 
the  continent.  (1)  The  Western  Interior  region  shows  thick  unfossil- 
iferous  cross-bedded  sandstones  that  are  regarded  as  wind-blown  in 
origin.  They  are  associated  with  some  thinner  stream-laid  beds  and  in 
the  upper  part  of  the  section  are  extensive  marine  formations  containing 
Jurassic  fossils.  The  youngest  Jurassic  (?)  consists  of  stream  deposits 
(Morrison)  that  rest  unconformably  on  older  rocks  and  are  unconformably 
succeeded  by  Cretaceous.  The  Jurassic  strata  are  vividly  colored  and 
topographically  prominent.  (2)  The  Pacific  Border  region  contains 
Jurassic  deposits  up  to  18,000  feet  in  thickness,  mostly  marine,  and  repre- 
senting in  various  parts  the  lower,  middle,  and  upper  subdivisions  of  the 
system.  Contemporaneous  volcanic  activity,  especially  in  the  medial 
and  late  parts  of  the  period,  is  shown  by  tuffaceous  and  other  igneous 
material  in  some  of  the  formations.  Present  structure  of  these  rocks  is 
mostly  very  complex.  (3)  The  Gulf  region,  comprising  parts  of  Mexico 
arid  southwestern  Texas,  has  marine  Jurassic  formations  that  are  of 
Mediterranean  rather  than  Boreal  affinities. 

Enormous  batholiths  of  granodiorite  and  similar  rock  occur  in  western 
North  America  from  Mexico  to  Alaska.  Their  present  outcrops  are 
larger  in  extent  than  that  of  all  of  the  sedimentary  Jurassic  formations 
combined. 

The  European  Jurassic  is  made  up  mainly  of  dark  bituminous  shaly 
rocks  in  the  lower  part  (Black  Jura),  ferruginous  oolites  and  sandy  beds 
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in  the  middle  (Brown  Jura),  and  light-colored  limestones  in  the  upper 
part  (White  Jura).  Abundance  of  beautifully  preserved  fossils,  occur- 
rence of  coral  and  other  types  of  reefs,  prominence  of  oolite,  and  presence 
of  important  coal  beds  are  outstanding  features  of  the  system. 

Study  of  the  distribution  and  character  of  the  Jurassic  rocks  permits 
inference  of  the  physical  history  of  the  period,  calling  attention  to  indica- 
tions of  (1)  erosion  throughout  the  eastern  part  of  North  America  in 
which  post-Triassic  mountains  were  obliterated  and  an  extensive  pene- 
plain was  produced;  (2)  continental  sedimentation  in  the  Western 
Interior  region,  occupying  probably  most  of  the  early  and  medial  parts 
of  the  period  and  including  formation  of  enormous  quantities  of  wind- 


Fi<5.  257. — Rod  and  nearly  white  Jurassic  sandstone  in  Zion  National  Park.      (W.  T.  Lee, 

U.S.  Geol.  Survey.) 

borne  sand  and  of  stream-carried  sediments,  the  latter  being  prominent 
also  Imvard  the  close  of  the  period;  and  (3)  marine  sedimentation  of 
various  sorts,  marking  the  advance  of  shallow  seas  from  different  oceanic 
basins.  There  was  great  volcanic  activity  along  the  Pacific  Border. 
The  latter  part  of  the  period,  and  especially  its  close,  was  marked  by 
crustal  unrest,  continents  being  elevated  and  mountains  being  formed. 
The  most  important  effects  of  this  diastrophism  (Jurasside  disturbance) 
are  seen  in  western  North  America  and  Asia.  The  mountain-making 
resulted  in  complex  folding  and  faulting,  and  in  metamorphism  of  the 
sedimentary  rocks.  Intrusion  of  batholiths  on  a  large  scale  accompanied 
the  deformation.  Erosion  of  the  mountainous  areas  and  of  other  parts 
of  the  continent  where  Jurassic  sedimentation  has  occurred  completes 
the  record  of  geologic  history  to  the  beginning  of  Cretaceous  deposition. 


CHAPTER  XXIV 

FORMATIONS  AND  PHYSICAL  HISTORY  OF  CRETACEOUS 

TIME 

The  latter  part  of  the  Mesozoic  era  has  come  to  be  known  as  the 
Cretaceous  period,  for  chalk  (Latin,  creta)  is  a  prominent  constituent  in 
the  marine  deposits  of  this  age,  not  only  in  Europe,  where  the  name  was 
introduced,  but  in  other  continents.  The  cliffs  of  white  chalk  that  occur 
on  both  sides  of  the  English  Channel  are  particularly  striking.  Because 
of  this  prominence  of  chalk  in  many  places  and  because  chalk  is  almost 
restricted  to  the  Cretaceous  system,  the  name  of  the  period  and  system 
seems  appropriate.  The  fact,  however,  that  Cretaceous  formations  in 
many  regions  contain  no  chalk  and  the  general  preponderance  of  shale 
and  sandstone  in  the  deposits  as  a  whole  make  the  term  less  fitting.  Like 
"Carboniferous,"  the  name  is  lithologic  rather  than  geographic  in  origin, 
but  through  sanction  of  long  usage  it  is  very  firmly  established. 

Definition  and  General  Character. — Concerning  the  great  majority 
of  Cretaceous  rocks  no  question  as  to  age  arises.  The  marine  and  non- 
marine  strata  of  the  Cretaceous  and  contiguous  systems  mostly  contain 
distinctive  fossils  that  provide  means  of  definite  recognition.  In  places, 
however,  the  exact  position  of  the  bottom  and  in  others  that  of  the  top 
are  in  doubt.  These  difficulties  in  precise  definition  of  the  boundaries 
of  the  system  apply  particularly  to  the  Western  Interior  region  of  the 
United  States.  A  widespread  continental  formation  of  variegated  color 
and  lithologic  character  (Morrison)  which  has  yielded  numerous  remains 
of  giant  reptiles  and  some  other  fossils  is  probably  of  Late  Jurassic  age 
but  is  regarded  by  some  geologists  as  belonging  to  a  very  early  part  of 
the  Cretaceous  period.  There  is  an  important  unconformity  at  its  base, 
but  a  still  more  important  one  above  it,  the  latter  being  now  considered 
to  mark  the  division  line  between  the  Jurassic  and  Cretaceous  systems. 
The  location  of  the  boundary  between  Cretaceous  and  Tertiary  in  many 
parts  of  the  Rocky  Mountain  region  is  a  vexatious  question  that  has  been 
the  subject  of  much  controversy.  It  comprises  the  so-called  "Laramie 
problem/'  which  will  be  considered  in  more  detail  later  in  this  chapter. 
At  most  places  in  the  Atlantic  and  Gulf  Coastal  Plains  areas  and  on  the 
Pacific  Border  the  oldest  Tertiary  rests  unconformably  on  Cretaceous  or 
older  rocks. 

The  Cretaceous  formations  are  composed  of  shale,  sandstone,  chalk 
or  chalky  limestone,  conglomerate,  and  coal,  named  in  the  approximate 

430 


FORMATIONS  AND  PHYSICAL  HISTORY  OF  CRETACEOUS  TIME    431 

order  of  quantitative  importance.  In  some  areas  there  are  considerable 
amounts  of  igneous  materials  that  have  been  reworked  by  sedimentary 
agencies.  The  shale  formations  of  Cretaceous  age  are  clayey,  calcareous, 
or  sandy.  Several  of  them  are  noteworthy  on  account  of  their  extremely 
wide  area  of  distribution  and  their  remarkably  uniform  lithologic  char- 
acter. In  parts  of  the  Western  Interior  of  North  America  there  are  shale 
deposits  4,000  feet  or  more  in  thickness  uninterrupted  by  other  kinds  of 
rock.  The  shale  is  mostly  dark-colored,  drab-gray  to  nearly  black,  but 
there  are  some  light  and  varicolored  beds. 

Sandstone  and,  locally,  conglomerate  are  very  important  types  of 
rock  in  the  Cretaceous  deposits.     Some  of  the  sandstones,  notably  the 
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FIG.  258. — Cretaceous  sandstone  and  shale,  south  of  San  Rafael  Swell,  near  Caineville, 
Utah.      (E.  M.  Spiekcr,  U.  S.  Geol.  Survey.) 

Dakota,  are  surprisingly  extensive  geographically,  and  they  exert  a 
marked  influence  on  topography  and  vegetation.  Some  of  them  have 
much  economic  importance  as  containers  of  oil,  gas,  or  fresh  water.  In 
Colorado,  Utah,  New  Mexico,  and  several  other  western  states,  Cretace- 
ous sandstones  make  lofty  table-lands  and  buttes  with  cliff  margins. 

Chalk  is  most  prominent  in  the  upper  part  of  the  Cretaceous  section 
in  the  Gulf  and  Prairie  Plains  country,  but  there  is  very  much  chalky  or 
hard  limestone  in  the  Lower  Cretaceous,  especially  in  Louisiana,  Texas, 
and  Mexico.  The  chalk  is  bluish-white  to  light  creamy-yellow  in  color, 
in  strong  contrast  to  the  dark-colored  shale,  but,  because  of  the  softness 
of  the  rock,  outcrops  are  not  generally  very  numerous.  The  chalk  tends 
to  make  rounded  grass-covered  hills.  Some  of  the  limestones,  however, 
are  sufficiently  strong  to  form  prominent  escarpments  and  extensive 
uplands. 

Next  to  the  Pennsylvanian,  Cretaceous  formations  are  the  most 
important  in  content  of  coal.  There  are  many  diftVivnt  beds,  some  of 
which  are  30  feet  or  more  in  thickness.  The  area  of  workable  coal  beds 
in  the  Cretaceous  strata  covers  many  tens  of  thousands  of  square  miles. 
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CRETACEOUS  FORMATIONS  OP  NORTH  AMERICA 

Distribution. — Deposits  of  Cretaceous  age  are  found  in  North  America 
(1)  along  the  inner  border  of  the  Atlantic  Coastal  Plain,  (2)  in  the  Gulf 
Coastal  Plain  region,  (3)  in  a  very  great  part  of  the  Western  Interior  of 
the  continent,  including  the  Rocky  Mountain  area,  the  adjacent  portion 
of  the  plains  to  the  east,  the  plateau  country  to  the  west,  and  much  of 


FIG.  259. — Map  of  North  America  showing  outcrop  areas  of  the  Cretaceous  system 
(black)  and  the  inferred  area  of  original  distribution  of  Cretaceous  formations.  (V.  R.  D. 
Kirkham,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry  Holt  &  Company.) 

northern  Mexico,  and  (4)  in  a  belt  near  the  Pacific.  Formations  in  the 
Atlantic  region  have  a  maximum  exposed  thickness  of  a  little  less  than 
2,000  feet;  in  the  Gulf,  about  9,500  feet;  in  parts  of  the  Western  Interior, 
14,000  feet;  and  in  the  Pacific  region,  nearly  30,000  feet.  Hence,  the 
Cretaceous  rocks  in  aggregate  are  much  the  thickest  and  most  extensive 
of  the  Mesozoic  systems  in  North  America.  Marine  sediments  are 
relatively  much  more  important  than  in  the  Triassic  or  Jurassic  system. 
Classification. — The  Cretaceous  rocks  are  readily  divisible  into  two 
major  parts  or  series.  The  older  of  these  is  called  the  Lower  Cretaceous, 
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and  the  younger,  the  Upper  Cretaceous.  The  name  Comanchean,  which 
has  been  much  used  in  American  texts  as  equivalent  to  Lower  Cretaceous, 
and  the  less  common  term  Gulfian,  for  Upper  Cretaceous,  are  not  properly 
applicable  in  this  general  sense.1 

TABLE  OF  CRETACEOUS  STRATIGRAPHIC  DIVISIONS  OF  EUROPE  AND  THEIR  AMERICAN 

EQUIVALENTS 


Europe 

North  America 

Danian 

Lance 
Laramio 

*4-1 

1 

Navarro 

Maestrichtiari 

Montana 

Fox  Hills 

Taylor 

Pierre 

Senonian 

Campanian 

Santonian 

Colorado 

Niobrara 

Austin 

Coniaciari 
(Emscherian) 

Bcnton 

Eagle  Ford 

Dakota 

Woodbine 

Turonian 

Comanche 

Washita 

Cenomanian 

Fredericksburg 

Albian 

Kootenai 

Trinity 

Aptian 

Ncocomian 

Barremian 

Hauteriviari 

Valanginiaii 

Berriasian 

In  each  region  of  Cretaceous  rocks  there  is  necessarily  variation  in 
the  detailed  classification  of  the  deposits.  Many  local  names  are  applied 
to  formations.  Accumulating  knowledge  of  the  character  and  distribu- 
tion of  fossils  is  affording  basis  for  definite  correlations  but  the  majority 
of  local  stratigraphic  names  will  continue  to  be  used  because  they  dis- 
tinguish variations  in  the  nature  of  the  deposits. 

1  The  main  reasons  for  this  are  that  Comanchean  represents  only  a  part  of  Lower 
Cretaceous,  that  the  line  of  division  between  Comanchean  and  Gulfian  is  apparently 
different  from  that  between  Lower  and  Upper  Cretaceous,  and  that  the  latter  names 
have  world-wide  application  and  long  usage. 


434  TH#  MEsozorc  ERA 

Atlantic  Border  Region 

In  the  eastern  United  States,  Cretaceous  strata  form  a  part  of  the 
Atlantic  Coastal  Plain.  The  outcrops  extend  in  a  narrow  belt  from 
Martha's  Vineyard,  east  of  Long  Island,  southwestward  across  New 
Jersey,  part  of  Delaware,  Maryland,  Virginia,  the  Carolinas,  and  Georgia. 
The  outcrop  belt  forms  the  inner  edge  of  the  Coastal  Plain,  except  in  a 
few  places,  as  in  Virginia  especially,  where  Tertiary  deposits  overlap  and 
conceal  the  Cretaceous.  The  Cretaceous  rests  unconformably  on  pre- 
Cambrian  rocks  or,  in  places,  on  Paleozoic  or  Triassic  beds.  It  is  over- 
laid unconformably  by  the  Tertiary.  Although  Jurassic  rocks  are  not 
known  in  this  region,  it  is  altogether  probable  that  seaward  from  the 
Cretaceous  outcrop  at  some  distance  the  Cretaceous  rests  on  Jurassic 
sediments. 

The  surface  beneath  the  Cretaceous  deposits  of  the  Atlantic  region 
has  a  maximum  relief  of  about  300  feet,  which  shows  that  pre-Cretaceous 
erosion  had  reduced  this  part  of  the  continent  to  a  gentle  plain  (Fall 
Zone  peneplain),  even  though  the  presence  of  many  resistant  rock  forma- 
tions retarded  erosion.  The  change  from  conditions  favoring  erosion  to 
those  resulting  in  deposition  of  the  Cretaceous  sediments  implies  an 
upward  movement  of  the  earth  crust  in  the  Appalachian  region  that 
rejuvenated  streams  and  accelerated  erosion,  while  sedimentation 
occurred  in  the  lower  country  farther  east  where  Cretaceous  beds  are 
now  found. 

Lower  Cretaceous  Rocks. — The  exposed  Lower  Cretaceous  formations 
(Potomac  group)  consist  entirely  of  continental  sediments,  stream-borne 
or  of  swamp  origin.  There  are  irregularly  bedded  de'posits  of  sandstone, 
gravel,  clay,  and  some  lignite.  Presence  of  feldspar  fragments  in  the 
sands,  and  of  pebbles  of  schist  and  other  crystalline  rocks  in  the  occasional 
gravel  beds,  indicates  that  stream  erosion  in  the  areas  from  which  the 
sediments  were  derived  proceeded  faster  than  decomposition  by  chemical 
weathering.  The  chief  type  of  deposit  is  an  unconsolidated  sandy  clay. 
Clay  ironstone  is  locally  abundant  and  has  been  mined  as  an  iron  ore; 
oxidation  of  iron  gives  many  of  the  beds  a  strong  reddish  brown  color. 
Disconformities  and  differences  in  lithology  and  fossils  serve  to  separate 
three  formations.  The  lowermost  (Patuxent)  consists  largely  of  coarse 
materials;  the  middle  (Arundel),  composed  mainly  of  dark  clays,  contains 
some  lignite;  the  upper  (Patapsco)  is  sandy  and  variegated  in  character. 
Judged  by  fossil  plants,  the  hiatus  between  the  middle  and  upper  forma- 
tions is  considerably  greater  than  that  between  the  lower  and  middle 
formations.  The  maximum  thickness  of  the  Lower  Cretaceous  deposits, 
about  700  feet,  is  found  in  Maryland. 

Although  marine  Lower  Cretaceous  strata  are  not  known  in  the 
Atlantic  region  even  in  near-coast  wells  that  penetrate  crystalline  rocks 
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FIG.  260. — Generalized  sections  of  the  Cretaceous  system  in  selected  areas. 
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beneath  all  sediments,  they  are  assuredly  present  in  a  seaward  direction 
beneath  parts  of  the  Upper  Cretaceous  and  Tertiary  strata.  It  is  prob- 
able that  no  marine  Lower  Cretaceous  underlies  any  part  of  the  present 
Coastal  Plain,  being  absent  either  because  the  sea  at  this  time  did  not 
invade  the  depression  between  a  persisting  remnant  of  Appalachia  and 
the  mainland  (Grabau)  or,  if  there  was  no  such  remnant  of  Appalachia, 
because  the  sea  margin  of  Early  Cretaceous  time  lay  east  of  the  present 
coast  line. 

Upper  Cretaceous  Rocks. — Beds  of  Late  Cretaceous  age  are  present 
in  the  Atlantic  region.  They  crop"  out  in  a  belt  adjoining  and  parallel 
to  that  of  the  Lower  Cretaceous,  and,  since  all  of  these  strata  dip  seaward 
(at  about  40  feet  to  the  mile),  the  younger  or  Upper  Cretaceous  belt  is 
on  the  seaward  side  of  the  Lower  Cretaceous  outcrop.  The  basal  Upper 
Cretaceous  formation  is  a  continental  sand  (Raritan)  which  has  a  thick- 
ness in  places  of  400  feet.  Associated  with  this  formation  are  beds  of 
gravel,  clay,  and  lignite.  The  succeeding  Cretaceous  rocks,  600  to  800 
feet  thick,  consist  of  clays  and  sands  that  are  mostly  of  marine  origin. 
Glauconite  or  greensand  is  especially  common.  These  beds  belong  to 
the  latest  parts  of  the  Cretaceous,  as  clearly  shown  by  their  fossils.  The 
disconformity  at  their  base  thus  represents  much  of  early  and  medial 
Late  Cretaceous  time. 

Gulf  Region 

The  Cretaceous  of  the  Coastal  Plain  region  adjoining  the  Gulf  of 
Mexico  is  exposed  at  the  surface  in  a  curving  belt  which  on  the  east  side 
of  the  Mississippi  swings  southeastward  from  the  mouth  of  the  Ohio 
River  into  Georgia.  West  of  the  Mississippi,  the  belt  is  traced  from 
southeastern  Arkansas  southwestward  across  southern  Oklahoma,  north- 
ern and  central  Texas,  into  Mexico.  The  Cretaceous  rocks  are  concealed 
by  later  deposits  in  eastern  Arkansas,  but  in  parts  of  the  Texas  region  the 
surface  exposures  become  very  wide,  more  than  100  miles  across  in  places. 

Description  of  the  Cretaceous  formations  of  the  Gulf  region  may  be 
advantageously  based  mainly  on  the  Texas  section,  which  is  thicker  and 
much  more  complete  than  in  the  eastern  part  of  the  Gulf  region.  This  is 
the  type  locality  of  the  Comanche  and  Gulf  series,  which  are  distin- 
guished by  lithologic  and  faunal  differences  and  are  separated  by  a  dis- 
conformity. Since  the  Cretaceous  rocks  dip  gently  in  the  direction  of  the 
Gulf,  the  Comanche  outcrops  are  found  on  the  side  of  the  Cretaceous 
belt  that  is  nearest  the  Continental  Interior,  and  outcrops  of  the  Gulf 
series  on  the  side  that  is  nearest  to  the  coast. 

The  Comanche  series  comprises  only  the  upper  part  of  the  Lower 
Cretaceous  as  known  in  Europe,  Mexico,  and  some  other  regions,  and  it 
is  thought  that  beds  at  the  top  are  equivalent  in  age  to  the  basal  part  of 
the  Upper  Cretaceous  of  Europe  (see  table,  page  433).  Thus,  the 
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divisions  of  the  strata  in  the  Gulf  region  of  the  United  States  do  not 
correspond  precisely  to  Lower  and  Upper  Cretaceous  as  generally  defined 
but,  including  Mexican  deposits,  they  do  so  approximately. 

Comanche  Series 

Trinity  Beds. — The  basal  part  of  the  Comanche  series  consists  of 
sand,  in  places  associated  with  much  conglomerate  and  in  other  places  con- 
taining much  limestone.  These  lowermost  Cretaceous  sediments,  called 
Trinity  or  "basement  sands,"  rest  unconformably  on  a  smooth, 
gently  sloping  erosion  surface  of  Paleozoic  and  older  rocks.  For  example, 
in  southwestern  Arkansas  and  southern  Oklahoma  the  steeply  folded 
Paleozoic  rocks  of  the  Ouachita  and  Arbuckle  Mountains  are  truncated 
by  the  pre-Trinity  peneplain,  which  here  dips  southward  at  an  average 
rate  of  about  100  feet  per  mile.  The  sand  and  gravel  that  are  found  at 


Fits.  261. — Unconformity  between  Comanrhean  rocks  (rapping  the  hills)  and  Permian 
rocks  (inclined  bods)  in  west  Texas,  near  Tcsnus.  (P,  B.  King,  Texas  Bur.  Economic 
Geology.) 

the  base  of  the  Comanche  series  are  some  of  the  products  of  the  extensive 
erosion  of  the  older  rocks. 

The  maximum  thickness  of  Trinity  deposits,  about  2,000  feet,  is 
found  in  southwestern  Texas  and  in  northwestern  Louisiana  (well  bor- 
ings), where  also  there  is  the  greatest  proportion  of  limestone.  The 
limestone  gradually  becomes  thinner  northwestward,  disappearing  in 
northern  Texas.  Associated  with  the  limestone  is  some  anhydrite  and 
gypsum,  and  in  at  least  one  part  of  southern  Texas  there  are  beds  of  rock 
salt.  This  indicates  that  the  sea  was  locally  so  enclosed  that  evaporation 
caused  precipitation  of  these  minerals.  There  is  possibility  that  the 
extensive  sheet  of  salt  beneath  the  Coastal  Plain  of  eastern  Texas  and 
Louisiana,  which  is  indicated  by  scopes  of  pluglike  salt  intrusions  in  the 
Tertiary  rocks,  may  be  of  Comanche  age  (Fig.  318). 

In  Arkansas  and  Oklahoma,  the  Trinity  consists  mostly  of  sand  and 
conglomerate,  but  there  are  some  thin  limestone  beds.  One  of  these 
that  is  considerably  above  the  base  of  the  series  in  southwestern  Arkansas 
is  found  1o  lie  nearer  and  nearer  the  base  when  traced  westward,  and 
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finally  to  occur  at  the  very  bottom.  Since  the  limestone  bed  was  all 
deposited  at  essentially  the  same  time,  this  means  that  the  later  Trinity 
sea  extended  farther  westward,  and  probably  also  northward,  than  the 
early  Trinity.  In  other  words,  the  Trinity  sea  overlapped  westward 
and  probably  northward. 

Fredericksburg  Beds. — A  temporary  recession  of  the  sea,  marked  by 
southward  spreading  of  sand  at  the  top  of  the  Trinity,  by  a  disconformity 
in  northern  Texas  and  southern  Oklahoma  at  this  horizon,  and  by  a  con- 
siderable difference  in  the  character  of  the  fossils  in  the  Trinity  and  next 
younger  beds,  terminates  the  first  chapter  of  the  Comanche  record  and 
introduces  the  second,  which  is  called  Fredericksburg.  Formations  of 
Fredericksburg  age  consist  mainly  of  limestone,  and  they  occur  over  a 
large  area  in  the  southwest.  The  limestones  are  500  or  more  feet  in 
thickness  and  are  fairly  hard,  forming  a  plateau.  In  western  Texas 
there  are  sands  and  clays  with  massive  limestone  in  this  part  of  the 
Comanche  series,  which  attains  a  thickness  of  1,500  feet.  The  Fred- 
ericksburg deposits  become  gradually  thinner  northward,  being  repre- 
sented in  northern  Texas  and  southern  Oklahoma  by  limestone  (Goodland) 
that  is  only  1 5  to  50  feet  thick.  The  Fredericksburg  sea  extended  farther 
northward  than  the  greatest  advance  of  the  Trinity  sea,  for  pure  lime- 
stone representing  offshore  deposits  rests  on  near-shore  sand  and  gravel 
of  the  Trinity.  The  northern  margin  of  the  original  Fredericksburg 
deposits  has  been  eroded,  so  that  it  is  not  now  possible  to  determine  how 
far  these  rocks  once  extended.  Deposits  of  latest  Fredericksburg  age  (?) 
(Kiamichi)  are  known  as  far  north  as  Kansas  and  Colorado. 

A  prominent  feature  of  the  Fredericksburg  beds  in  part  of  southwest- 
ern Texas  and  northern  Mexico  are  reefs  (bioherms)  composed  largely  of 
the  very  peculiar,  sedentary  pelecypods  called  caprinids  and  rudistids 
(Fig.  294),  associated  with  corals,  large  foraminifera  and  broken  shells. 

Washita  Beds. — The  upper  part  of  the  Comanche  series  is  called  the 
Washita  group.  The  rocks  of  this  age  in  the  Gulf  region  consist  of  alter- 
nating thin  formations  of  limestone,  shale,  and  sandstone.  The  limestone 
beds  are  mostly  nodular,  marly,  and  rather  soft  and  contain  numer- 
ous well-preserved  fossils.  The  shales  are  clayey,  calcareous,  and  in  part 
sandy;  some  of  the  beds  are  very  fossiliferous.  Washita  deposits  are 
known  as  far  northwestward  as  Colorado,  but  farther  east  the  late  Coman- 
che sea  does  not  appear  to  have  advanced  northward  beyond  southern 
Oklahoma  or  eastward  much  beyond  the  Mississippi  River. 

Transgressive  overlap  of  the  Comanche  beds  that  is  associated  with 
the  gradual  northward  invasion  of  the  Early  Cretaceous  sea  in  the  Gulf 
region  is  an  important  feature  in  the  stratigraphy  and  historical  geology 
of  these  rocks.  The  earliest  Cretaceous  occurs  in  Mexico,  and  in  this 
region  is  found  the  greatest  thickness  of  Cretaceous  rocks,  almost  all  of 
which  consists  of  limestone.  Thus,  the  sea  came  first  into  the  Mexican 
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part  of  the  Gulf  region  and  occupied  it  most  continuously.  The  sedi- 
ments there  are  nearly  all  of  clear- water,  offshore  type.  The  Trinity  is 
thickest  and  made  up  most  largely  of  massive  limestone  in  the  south, 
thinning  northward  and  changing  to  sandstone  and  conglomerate.  The 
Fredericksburg  consists  of  thick  limestone  in  the  south,  thins  northward, 
and  extends  beyond  the  edge  of  the  Trinity;  the  marginal  deposits  are 
mostly  sand  and  clay.  The  Washita  sea  did  not  overlap  the  Fredericks- 
burg  except  in  a  few  places,  but  it  also  is  much  thicker  in  southwestern 
Texas  than  in  the  north.  It  is  interesting  to  find  that  the  basal  Comanche 
deposits  at  any  place  are  composed  mostly  of  sand,  whether  they  belong 
to  the  early,  middle,  or  late  part  of  the  Trinity,  or  to  Fredericksburg,  or 
Washita. 

Gulf  Series 

The  Gulf  series  is  separated  from  the  Comanche  series  by  a  discon- 
formity.  In  the  region  of  the  Sabine  Uplift  in  northwestern  Louisiana, 
the  Washita,  Fredericksburg,  and  part  of  the  Trinity,  are  all  missing, 
owing  either  to  removal  by  erosion  before  the  basal  sand  of  the  Gulf 
series  was  laid  down,  or  possibly  to  nondeposition.  Elsewhere,  the 
presence  of  upper  Washita  strata  shows  an  absence  of  much  erosion  at 
this  time,  even  though  there  is  physical  evidence  of  interruption  of 
sedimentation.  The  recession  of  the  sea  that  is  indicated  by  this  dis- 
conformity,  the  ensuing  great  marine  transgression  which  extended  the 
domain  of  the  sea  far  beyond  the  area  covered  at  any  previous  time  in 
the  Cretaceous  period,  and  the  modification  of  life  as  shown  by  lack  of 
fossil  species  common  to  the  two  series  are  reasons  for  separating  the 
Comanche  and  Gulf  beds. 

Basal  Sand. — At  the  base  of  the  Gulf  series  in  the  northern  part  of 
the  Gulf  region  is  a  sandstone  (Woodbine)  which  makes  a  belt  of  timber- 
clad  hills  at  the  outcrop.  The  sand  decreases  in  thickness  southward, 
disappearing  near  Waco,  Tex.,  and  it  pinches  out  on  the  flanks  of  the 
Sabine  Uplift.  It  is  of  much  economic  importance  as  a  container  of  oil 
and  gas,  especially  in  the  great  East  Texas  fields.  There  are  clay  and 
coal  beds  in  parts  of  this  formation.  The  presence  of  coal  and  of  well- 
preserved  fossil  leaves  indicates  continental  sedimentation,  but  occur- 
rence of  brackish  water  and  marine  shells  in  places  proves  deposition  6f 
parts  of  the  formation  in  the  sea. 

Shale  and  Chalk  Beds. — The  next  higher  formation  of  the  Gulf 
series  is  a  widespread  deposit  of  dark-colored  clayey  shale  (Eagle  Ford) 
with  some  thin  beds  of  limestone  in  places.  Its  average  thickness  in 
Texas  is  about  150  feet.  General  uniformity  of  lithologic  character  and 
the  persistence  of  certain  fossil  zones  are  noteworthy.  Near  Dallas,  in 
northern  Texas,  the  shale  attains  the  maximum  known  thickness  of  about 
500  feet,  but  a  southward  thinning  reduces  the  formation  to  only  30  feet 
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near  Austin.  This  thinning  is  apparently  due  in  part  to  a  retarded  rate 
of  sedimentation  and  in  part  to  nondeposition,  both  of  these  conditions 
resulting  from  influence  of  the  Llano  Uplift  in  south  central  Texas. 
Farther  southwest  the  shale  thickens  and  becomes  increasingly  chalky. 

The  middle  part  of  the  Gulf  series  consists  of  light-blue  or  nearly 
pure- white  chalk  (Austin).  Some  of  the  chalk  weathers  to  a  very  light 
creamy-tan,  and  thin  layers  of  dark-bluish  chalky  shale  are  common. 
The  formation  is  sufficiently  hard  to  make  a  good  escarpment  at  the 
outcrop.  The  average  thickness  is  about  300  feet.  Microscopic  study 
of  the  chalk  shows  the  presence  of  abundant  very  minute  marine  shells 
belonging  to  the  protozoan  group  Foraminifera.  These  animals  are 
very  abundant  in  modern  seas,  in  both  moderately  deep  arid  shallow 


FIG.    262. — Upper   Cretaceous    shaly    beds    (Eagle   Ford)    resting  on   Lower   Cretaceous 
limestone  (Buda)  near  Sanderson,  Tex.      (T.  W.  Stanton,  U.  S.  Geol.  Survey.) 

water.  Because  shells  of  this  sort  are  most  prominent  in  the  deeper- 
water  deposits,  it  has  been  assumed  by  some  geologists  that  the  Cre- 
taceous chalk  was  deposited  in  fairly  deep  water,  that. is,  500  to  1,000 
feet  or  more  in  depth.  However,  prominence  of  Foraminifera  in  deep- 
water  deposits  does  not  necessarily  mean  that  these  shells  may  not  be 
equally  abundant  in  shallow  water,  lesser  prominence  in  the  latter  being 
due  merely  to  the  much  greater  quantity  of  other  materials  that  are 
here  admixed  with  the  Foraminifera.  If,  because  of  very  low  or  distant 
land  areas,  sediments  of  inorganic  origin  are  small  in  amount,  Foraminif- 
era in  a  shallow  sea,  50  to  500  feet  deep,  may  contribute  a  relatively  large 
quota  to  the  sea  deposits.  The  presence  in  the  chalk  of  shells  of  distinctly 
shallow-water  animals,  especially  certain  pelecypods,  and  association  of 
the  chalk  with  shale  and  sandstone  (locally  cross-bedded)  that  are  clearly 
of  shallow  sea  origin  favor  the  conclusion  that  the  chalk  beds  are  not 
deep-sea  sediments. 

Upper  Beds. — The  upper  portion  of  the  Gulf  series  in  the  Gulf 
Coastal  Plain  consists  mostly  of  shale  or  marl  (Taylor  and  Navarro). 
There  are  some  beds  of  chalk,  and  in  northeastern  Texas  and  Louisiana 
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at  least  one  persistent  sand  that  is  an  important  oil-  and  gas-containing 
bed.  The  beds  are  light-colored  and  they  are  soft  and  easily  weathered, 
forming  lowlands.  The  upper  part  of  the  Gulf  series  in  southern  Texas 
and  adjacent  parts  of  Mexico  is  about  4,000  feet  thick.  The  beds  consist 
largely  of  shale  and  sandstone  and  contain  valuable  coal  deposits. 

The  Upper  Cretaceous  formations  of  Louisiana,  southern  Arkansas, 
and  northeastern  Texas  contain  much  sand  and  volcanic  materials  at 
several  horizons,  which  with  other  characters  has  led  to  use  of  formation 
names  different  from  those  of  Texas,  although  equivalence  in  age  is  well 
established  by  means  of  fossils. 
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FIG.  203. — Diagram  showing  variation  in  types  of  contemporaneous  sedimentation  in 
the  Upper  Cretaceous  series  of  Alabama.  The  zones  of  guide  fossils  are  shown.  (After 
L.  W.  Stephcnson,  U.  S.  Gcol.  Survey.) 

Eastern  Part  of  Gulf  Region. — From  southernmost  Illinois  near  the 
mouth  of  the  Ohio  River,  outcrops  of  Cretaceous  rocks  extend  southward 
across  western  Kentucky  and  Tennessee,  the  northeastern  corner  of 
Mississippi,  and  obliquely  southeastward  and  eastward  across  central 
Alabama  into  Georgia.  The  rocks  belong  to  the  Gulf  series,  the  Coman- 
che  beds  having  been  overlapped  and  concealed  by  the  Upper  Cretaceous 
deposits.  It  is  not  now  known  whether  the  Comanche  sea  invaded  any 
of  the  Coastal  Plain  region  east  of  the  Mississippi,  for  beds  of  this  age 
have  not  been  identified  in  any  deep  wells,  even  including  a  Florida  well 
6,180  feet  deep  that  reached  crystalline  (probably  pre-Cambrian)  rocks. 
The  beds  of  the  Gulf  series  rest  unconformably  on  various  Paleozoic 
formations,  or  in  eastern  Alabama  and  Georgia  on  pre-Cambrian  crystal- 
lines. The  Appalachian  Mountains,  with  complexly  folded  and  faulted 
structure,  the  strike  of  the  folds  trending  northeast-southwest,  disappear 
beneath  the  overlapping  Cretaceous  strata  in  Alabama.  These  moun- 
tains, which  were  formed  near  the  close  of  Paleozoic  time,  had  been  worn 
down  nearly  smooth  before  the  Cretaceous  sea  covered  the  southern  parts 
of  the  range. 
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The  Cretaceous  deposits  of  this  region  consist  largely  of  sand  and 
sandy  shale,  but  toward  the  west  there  is  much  impure  chalk.  The 
total  thickness  of  these  beds  is  about  2,400  feet.  The  basal  formation 
is  a  nomnarine,  locally  lignite-bearing  sand  (Tuscaloosa),  which  in  places 
contains  gravel  derived  from  the  older  rocks  and  also  includes  much  clay. 
This  formation  is  about  1,000  feet  thick.  The  next  higher  beds  are 
shallow-water  marine  sands  (Eutaw)  and  some  fresh-  or  brackish-water 
beds,  about  400  feet  in  all.  The  overlying  formation  consists  of  chalk 
and  chalky  shale  (Selma),  except  in  eastern  Alabama  and  western  Tennes- 
see where  sandy  shale  and  calcareous  sand  (Ripley)  take  the  place  of  the 
chalk.  The  distribution  of  certain  fossils,  which  mark  successive  strati- 
graphic  zones,  shows  clearly  that  these  different  sorts  of  deposits  in  the 
upper  Gulf  series  are  equivalent  (Fig.  263).  Chalk  was  being  deposited 
in  one  part  of  this  region  while  clay  and  sand  were  being  formed  in 
another.  The  replacement  of  one  kind  of  sediment  by  another  laterally, 
and  the  persistence  of  the  fossil  zones,  proves  that  the  formations  are 
contemporaneous. 

Western  Interior  Region 

The  Cretaceous  rocks  of  the  Western  Interior  of  the  continent  occupy 
an  immense  territory  that  reaches  eastward  to  Iowa,  westward  to  Utah 
and  Idaho,  and  northward  from  the  Gulf  region  to  the  Arctic  Ocean,  near 
the  mouth  of  the  Mackenzie.  The  sea  that  occupied  this  huge  area 
constitutes  much  the  largest  inundation  of  the  North  American  continent 
since  Paleozoic  times,  and  it  is  comparable  with  the  very  extensive 
flooding  that  occurred  in  the  Ordovician  period. 

Except  in  part  of  the  plains  country  east  of  the  Rockies,  the  deposits 
consist  almost  wholly  of  shale  and  sandstone,  dominantly  marine  but  in 
a  large  part  nonmarine.  The  average  thickness  is  more  than  3,000  feet 
and  locally  it  exceeds  14,000  feet.  Some  of  the  sandstones,  especially 
those  at  the  base,  are  conglomeratic.  Deposits  of  coal  are  widespread 
and  of  great  economic  importance.  Almost  all  of  the  formations  are  of 
Late  Cretaceous  age. 

Lower  Cretaceous  deposits,  consisting  of  dark-colored  shale  and 
sandstone  and  locally  of  a  little  limestone,  are  known  in  Colorado 
(Purgatoire),  in  the  Black  Hills  region  of  South  Dakota  and  Wyoming 
(Lakota-Fuson),  and  in  Montana  and  Alberta  (Kootenai).  These  are 
mostly  nonmarine  beds  representing  continental  sedimentation  equiva- 
lent in  age  to  part  of  the  marine  Comanche  strata  of  the  Gulf  region. 
The  maximum  thickness  of  these  beds  is  found  in  southern  Alberta, 
where  about  5,300  feet  of  sandstone,  shale,  and  coal  is  measured.  There 
are  22  workable  coal  beds  with  an  aggregate  thickness  of  216  feet  in  part 
of  this  region,  but  the  number  and  thickness  of  the  coal  beds,  and  the 
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thickness  of  the  Lower  Cretaceous  deposits  as  a  whole,  decrease  rapidly 
away  from  this  area.  The  Lower  Cretaceous  of  the  Black  Hills  region 
also  contains  workable  coal  beds  near  Newcastle,  Wyo.  Marine  sedi- 
ments of  Lower  Cretaceous  age  in  Kansas  and  Colorado  were  undoubtedly 
connected  with  those  of  the  Gulf  region. 

Dakota  Group. — The  basal  deposit  of  Late  Cretaceous  age  in  the 
Western  Interior  is  a  very  extensive,  irregularly  bedded  sandstone 
(Dakota),  which  is  commonly  stained  dark  brown  by  oxidation  of  iron. 
The  rock  is  hard  and  accordingly  makes  prominent  hills,  escarpments, 
and  mesas.  Lenticular  deposits  of  sandy  shale,  thin  beds  of  coal  and  of 
conglomerate  occur  at  many  places.  The  sandstone  is  a  chief  source  of 
water  in  parts  of  the  plains  country,  but  locally  the  formation  contains 
enough  salt  to  make  the  water  unfit  for  use.  The  presence  of  salt,  of 
marine  and  brackish  water  fossils,  and 
of  regular  stratification  in  parts  of  the  '  ,' ,  ' 
Dakota  point  clearly  to  a  marine 
origin,  but  other  parts  have  the  form 
of  stream  channel  fillings,  contain 
abundant  well-preserved  leaves  of  land 
plants,  and  show  other  features,  such 
as  abundant  irregular  crossbedding, 
characteristic  of  continental  deposits. 
There  is  evidence  that  the  formation 
is  not  of  the  same  age  in  all  places  but 
is  simply  the  basal  Upper  Cretaceous 
deposit  of  stream-laid  and  sea-worked 

i  i          j     i  j     t  FIG-  264. — A  large  concretion  weath- 

sand,  gravel,  and  clay,  and  of  swamp  ered  out  of  the  Dakota  8andstone  and 

Or  marsh  deposits  at  the  border  of  the    standing    on    a    pedestal   of   sandstone, 
j.  r™        r^   i     +       ~       *     Pawnee  County,   Kans.     (R.  C.  Moore, 

spreading   sea.     The   Dakota   corre-  Kanm  GeoL  survey.) 

sponds  in  character  and  origin  to  the 

basal  sandy  deposits  of  the  Gulf  series  in  the  Gulf  region.     As  defined 

in  Kansas,  however,  the  Dakota  group  includes  sandstone  and  shale  of 

late  Early  Cretaceous  age. 

Colorado  Group. — The  next  division  of  the  Upper  Cretaceous  beds 
in  the  Western  Interior  region  consists  of  shale,  chalky  limestone,  and  in 
places  of  sandstone.  The  strata,  almost  entirely  marine,  are  called  the 
Colorado  group.  The  lower  part  is  composed  mainly  of  dark  clayey 
shale  (Benton),  200  to  1,000  feet  or  more  in  thickness.  It  is  extremely 
widespread,  being  known  throughout  practically  all  of  this  region,  and 
it  is  remarkably  uniform  in  character.  In  the  country  east  of  the  Rocky 
Mountains  there  is  a  persistent,  thinly  and  very  evenly  bedded  limestone 
(Greenhorn)  in  the  middle  portion  of  the  shale,  and  one  of  its  beds, 
known  as  the  fence-post  limestone,  furnishes  largo  numbers  of  fence 
posts  in  the  treeless  prairies  adjacent  to  Ihr  ouirrop  of  the  limestone. 
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In  Wyoming  the  shale  contains  beds  of  sandstone  that  yield  commercial 
quantities  of  oil  and  gas. 

The  upper  part  of  the  Colorado  group  east  of  the  Rockies  is  made  up 
of  chalk  and  chalky  shale  (Niobrara),  several  hundred  feet  thick,  which 
corresponds  to  the  main  chalk  formation  of  the  Gulf  region,  but  in  the 
west  there  are  thick  beds  of  dark  clayey  shale  and  sandstone  instead  of  the 
chalk.  The  western  Kansas  chalk  deposits  are  world-famous  because  of 
well-preserved  remains  of  marine  reptiles,  fishes,  birds,  and  flying  rep- 
tiles that  have  been  found  there. 

Montana  and  Laramie  Groups. — Above  the  Colorado  group  are 
strata  consisting  mostly  of  very  uniform  dark-colored  clay  shale,  but  there 
is  much  sandstone.  In  the  plains  country  east  of  the  Rockies,  the  shale 


FIG.  265. — Outcrop  of  chalk  (Niobrara)  in  Ellis  County,  western  Kansas.      (N .   W.  Bass, 

Kansas  Geol.  Survey.} 

(Pierre)  commonly  attains  a  thickness  of  more  than  2,000  feet,  and 
locally,  in  the  Colorado  High  Plains  and  along  the  northern  Front  Range, 
it  is  7,000  or  even  10,000  feet  thick.  The  shale  is  overlaid  by  a  persistent 
sandstone  (Fox  Hills).  Physical  characters,  such  as  even  bedding  and 
widespread  uniformity,  and  the  presence  of  marine  fossils  show  that 
these  deposits  were  formed  in  the  sea.  Farther  west,  however,  there  are 
considerable  thicknesses  of  land-laid  sediments,  some  of  which  contain 
coal  beds.  In  the  region  bordering  the  Rocky  Mountains,  the  marine 
beds  are  followed  conformably  by  nonmarine  coal-bearing  strata  (Laramie 
and  equivalent  formations). 

Conditions  of  Sedimentation. — Study  of  the  Cretaceous  rocks  in  the 
Western  Interior  region  has  shown  that,  although  some  parts  are  very 
uniform,  there  are  others  in  which  different  sorts  of  sediments  were 
deposited  contemporaneously  in  near-by  areas.  For  example,  while 
dark  marine  shale  was  accumulating  in  one  place,  the  rocks  bring  formed 
elsewhere  not  far  distant  consist  of  (a)  marine  sandstone,  (b)  brackish- 
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water  sandstone  and  shale,  and  (c)  fresh-water  sandstone,  shale,  and  coal 
beds.  Traced  laterally,  one  type  of  deposit  is  found  to  grade  into  another ; 
a  very  prominent  sandstone  becomes  thinner  and  thinner  in  certain 
directions,  eventually  pinching  out,  as  shale  of  equivalent  age  takes  its 
place.  Thus,  the  relations  of  different  kinds  of  deposits  are  complex 
and  many  local  formation  names  are  employed.  A  clear  demonstration 
of  the  interfingering  and  intergradation  of  shale  and  sandstone  of  marine, 
brackish-water,  and  fresh-water  origin  is  seen  in  the  Wasatch  Plateau 
and  Book  Cliffs  escarpment,  which  affords  a  continuous  line  of  com- 
pletely exposed  Cretaceous  strata  extending  more  than  100  miles  in  Utah 
and  Colorado.  Sandstone,  largely  nonmarine  and  in  part  coal-bearing, 
predominates  westward  and  passes  laterally  into  marine  shale  eastward. 
In  the  southwestern  exposures  there  are  a  few  hundred  feet  of  early 
Late  Cretaceous  marine  shale  at  the  base  of  these  cliffs,  overlaid  by 
thick  sandstone  and  shale,  mainly  of  continental  origin,  representing 
the  middle  and  later  parts  of  the  epoch.  Northeastward,  the  top  of  the 
marine  shale  belongs  to  younger  and  younger  horizons  in  the  series,  the 
sandstone  facies  being  correspondingly  reduced  in  thickness  and  repre- 
senting only  the  latest  part  of  the  Cretaceous.  Thus,  evidence  is  pre- 
sented to  show  that  marine  shale  deposition  extended  much  farther 
southwestward  in  this  region  in  early  Late  Cretaceous  time  than  later, 
that  this  type  of  .sedimentation  persisted  without  interruption  until 
latest  Cretaceous  time  in  the  northeastern  part  of  the  area  considered, 
and  that  there  was  a  gradual  encroachment  of  land-laid  sandy  deposits 
upon  marine  shaly  deposits  during  the  epoch.  The  sea  border  was 
pushed  slowly  and  intermittently  eastward.  Finally,  marine  deposits 
practically  disappear,  possibly  owing  to  a  gradual  withdrawal  of  the 
sea  on  account  of  uplift  of  the  continent,  but  undoubtedly  owing  in  part, 
to  filling  of  the  geosynclinal  basin  by  sediments. 

Pacific  Border  Region 

In  California,  Oregon,  Washington,  British  Columbia,  and  Alaska 
there  are  thick  deposits  of  Cretaceous  age  representing  both  the  Lower 
and  Upper  divisions,  but  the  sea  in  which  the  marine  strata  of  this  region 
were  formed  appears  not  to  have  been  connected  directly  with  that  of 
the  Western  Interior.  The  fossils  show  Asiatic  affinities  or,  rather,  they 
belong  to  what  may  be  termed  a  circum-Pacific  fauna.  Sandstones  and 
sandy  shales  predominate,  but  locally  there  are  conglomerates  and  there 
are  a  few  thin  limestones.  The  nonmarine  beds  are  coal-bearing  in 
part.  Volcanic  rocks,  consisting  of  lavas,  tuffs,  and  ash  beds,  are  prom- 
inent in  places,  especially  in  western  British  Columbia.  The  thickness 
of  the  Cretaceous  rocks  in  the  Pacific  Border  area  exceeds  3,000  feet  in 
most  places,  and  in  northern  California  it  attains  a  total  of  nearly  30,000 
feet,  of  which  more  than  26,000  feet  is  referred  to  the  Shastan  series 
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(Knoxville  and  Horsetown  beds)  of  Early  Cretaceous  age,  and  3,000  feet 
to  the  Chico  series  of  Late  Cretaceous  age.  The  great  thickness  and 
the  predominance  of  sandstone  and  shale  support  the  conclusion  that 
sedimentation  was  rapid.  The  enormous  quantities  of  land  waste  Appear 
to  have  been  derived  mainly  from  elevated  country  to  the  east  that  had 
been  affected  by  mountain-making  movements  at  the  close  of  Jurassic 
time,  but  the  geosyncline  was  also  bordered  on  much  of  the  west  by  land. 
The  unconformity  at  the  base  of  the  Cretaceous  in  the  Pacific  region  is 
generally  prominent,  for  the  older  rocks  were  much  folded,  and  even 
metamorphosed,  and  then  eroded  before  the  beginning  of  Lower  Cre- 
taceous deposition.  The  Cretaceous  rocks  have  been  much  disturbed 
subsequently  in  most  places. 

CRETACEOUS  FORMATIONS  OF  OTHER  CONTINENTS 

Cretaceous  rocks  are  found  in  all  of  the  continents.  Both  marine  and  nonmarine 
deposits  occur,  the  greater  spread  of  the  sea  being  recorded  generally  in  the  later 
(Upper  Cretaceous)  part  of  the  period. 

Europe. — The  European  Cretaceous  rocks  are  especially  important  to  students 
because  of  the  classic  researches  on  the  nature  of  the  deposits  and  their  contained 
fossils,  2nd  because  these  rocks  in  Europe  are  the  standard  of  comparison,  the  type 
section,  for  other  parts  of  the  world.  The  deposits  are  commonly  divided  into  two 
series,  called  Lower  Cretaceous  and  Upper  Cretaceous,  respectively,  and  each  is  made 
up  of  several  named  groups  of  beds  (see  table,  page  433).  The  Lower  Cretaceous 
marine  beds  are  mainly  restricted  to  the  south  central  part  of  the  continent,  chiefly 
in  France,  Switzerland,  and  southern  Germany,  but  marine  deposits  also  occur  in 
northern  Russia.  These  strata  are  mostly  very  fossiliferous.  Continental  deposits 
of  equivalent  age  occur  in  northern  Europe,  including  especially  parts  of  England, 
northern  Germany,  and  Russia. 

In  the  Upper  Cretaceous,  marine  strata  are  much  more  widespread.  As  already 
noted,  chalk  is  prominent  in  this  part  of  the  system  in  England  and  France,  but  it  is 
not  an  important  type  of  deposit  elsewhere.  The  chalk  is  regularly  bedded  and 
several  hundred  feet  thick.  Some  of  it  is  made  up  almost  wholly  of  microscopic 
shells  of  Foraminifera  that  accumulated  in  the  quiet  clear  waters  of  this  region  in 
almost  incredible  numbers,  but  other  parts  are  clayey  and  impure.  Nodules  of  dark 
flint  are  common.  Many  of  the  beds  contain  numerous  invertebrate  fossils  besides 
the  Foraminifera. 

Africa. — Cretaceous  rocks  are  well-known  in  the  Mediterranean  region,  including 
parts  of  northern  Africa,  and  they  also  extend  into  the  Sahara,  where  much  of  the 
desert  sand  is  derived  from  breaking  down  of  Cretaceous  sandstone.  Rocks  of  this 
age  occur  also  in  southeastern  Africa,  Madagascar,  the  Cape  Colony,  and  on  the  west 
coast. 

Asia. — Lower  Cretaceous  deposits  are  found  in  the  trough  which  formerly  extended 
eastward  from  the  Mediterranean  far  across  Asia,  but  the  Upper  Cretaceous  is  very 
much  more  widespread,  being  known  not  only  in  the  western  and  central  parts  of  the 
continent  but  in  southern  India,  northern  Siberia,  Japan,  and  the  East  Indies. 

Australia  was  widely  covered  by  the  Cretaceous  sea,  about  one-third  of  the  conti- 
nent having  been  submerged. 

South  America  is  known  to  have  both  marine  and  nonmarine  beds  of  Early  and 
Late  Cretaceous  age.  The  chief  region  of  their  development  is  along  the  Andean 
geosyncline,  now  a  lofty  mountain  belt,  from  Colombia  to  the  Straits  of  Magellan. 
There  are  also  extensive  deposits  of  Cretaceous  rocks  in  the  Amazon  Valley. 
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PHYSICAL  HISTORY  OF  CRETACEOUS  TIME 

The  history  of  the  Cretaceous  period  may  be  considered  conveniently 
in  sections  devoted  respectively  to  (1)  erosion  of  the  land,  (2)  continental 
and  marine  sedimentation,  (3)  mountain  disturbances  at  the  close  of  the 
period,  (4)  igneous  activity,  and  (5)  climate.  The  interesting  record  of 
life  development  during  Cretaceous  time  is  considered  in  a  following 
chapter. 

Erosion  of  the  Land 

During  Cretaceous  time,  large  parts  of  the  continent  were  being 
eroded.  Some  areas  appear  to  have  been  subjected  to  erosion  almost 
continuously  in  the  preceding  parts  of  the  Mesozoic  era.  Under  such  * 
conditions  and  lacking  pronounced  upwarp  of  the  land  surface,  the 
probability  of  extensive  peneplanation  is  strong.  In  regions  of  flat- 
lying  strata  it  may  be  difficult  to  differentiate  horizontal  land  surfaces 
due  to  prolonged  denudation  from  those  that  are  dependent  on  rock 
structure.  However,  a  plain  that  bevels  smoothly  folded  and  faulted 
rocks  of  varying  hardnessf  or  that  cuts  evenly  across  massive*  crystalline 
rocks,  is  strongly  indicative  of  planation  by  erosion.  Under  certain 
conditions,  wave  action  in  a  transgressing  sea  may  accomplish  such 
planation  but  erosion  of  this  sort  is  commonly  restricted  to  coastal  belts 
and  is  identifiable  by  its  association  with  marine  deposits,  and  by  other 
characters.  Peneplanation  due  to  stream  erosion  is  generally  character- 
ized by  the  shape  and  size  of  the  area  affected,  by  imperfections  in  reduc- 
tion of  the  land  to  a  plane  surface,  by  possible  presence  of  stream-borne 
materials  and  absence  of  marine  sediments  on  the  erosion  plane.  On  the 
other  hand,  it  is  possible,  of  course,  that  a  stream-formed  peneplain  may 
be  submerged  and  flooded  by  the  sea,  which  smoothes  irregularities  by 
wave  action  and  covers  all  with  a  mantle  of  marine  deposits. 

The  Appalachian  Region. — Almost  all  of  North  America  that  was  not 
covered  by  the  Cretaceous  sea  was  probably  eroded  to  a  lowland  by  the 
latter  part  of  Cretaceous  time.  Evidence  of  peneplanation  is  most  dis- 
tinct in  the  Appalachian  Mountain  district  of  the  eastern  United  States. 
Here  the  many  mountain  ridges  formed  by  upturned  resistant  formations 
and  uplands  formed  by  hard  crystalline  rocks  have  accordant,  smoothly 
beveled  summits.  This  feature  defines  an  erosion  surface  (Schooley 
peneplain)  that  required  a  long  time  to  produce,  for  in  most  places  even 
the  hardest  rocks  were  planed  down  to  a  nearly  level  surface.  The 
coastal  belt,  at  least,  had  been  fairly  well  smoothed  before  the  beginning 
of  deposition  of  the  Lower  Cretaceous  formations,  for  there  is  not  much 
unevenness  of  the  floor  (Fall  Zone  peneplain)  on  which  these  beds  rest. 
Deposition  of  the  Cretaceous  sediments  was  accompanied  by  further 
erosion  of  the  land,  and,  judging  by  the  slight  chemical  decomposition 
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of  much  of  the  sediments,  erosion  was  active.  By  the  latter  part  of 
Cretaceous  time  the  former  mountains  adjacent  to  the  coastal  plain  had 
been  obliterated;  the  country  was  a  featureless  lowland  on  which  streams 
flowed  across  the  edges  of  tilted  beds  without  regard  to  structure  or  hard- 
ness of  the  rocks.  Subsequent  uplift  of  the  Appalachian  region  has 
caused  streams  to  excavate  the  softer  materials,  leaving  the  horizontally 
planed  hard-rock  formations  to  mark  the  old  peneplain.  Since  the  eleva- 
tion of  the  peneplain  has  amounted  in  places  to  more  than  3,000  feet, 
the  relief  due  to  stream  carving  is  of  mountainous  scale.  The  present 
mountains  are  thus  the  result  of  stream  work  that  during  Cenozoic  time 
has  dissected  the  upwarped  Schooley  peneplain. 


Fiii.  L'(i(). — Alcove  in  Mesavcrdc  sandstone  with  habitations  of  cliff  dwellers.     Mesa  \  < -nil- 
National  Park,  southwestern  Colorado.      (U.  S.  Geol.  Survey.) 

It  is  possible,  as  recently  suggested  (D.  W.  Johnson),  that  Cretaceous 
coastal  plains  sediments,  resting  on  a  pre-Cretaceous  (Fall  Zone)  pene- 
plain, may  have  once  covered  a  large  part  of  the  Appalachian  area, 
extending  inland  very  much  farther  than  now,  and  that  main  drainage 
lines  established  on  the  plain  were  superposed  on  the  underlying  folded 
and  beveled  rocks  when  regional  uplift  caused  renewed  erosion.  In 
this  case,  the  development  of  the  Schooley  peneplain  must  be  assigned, 
mainly  to  post-Cretaceous  erosion.  All  things  considered,  it  seems  prob- 
able that  the  Schooley  peneplain  was  eroded  during  the  early  part  of  the 
Tertiary  period,  rather  than  in  the  Cretaceous  and  preceding  Mesozoic 
time  as  has  been  commonly  supposed  (see  Figs.  332). 

Erosion  in  Other  Regions. — The  central  and  northern  parts  of  North 
America  which  contain  no  Cretaceous  deposits  were  presumably  land  at 
this  time  and  were  subject  to  erosion.  Peneplains  are  recognized  in 
parts  of  the  ami  but  are  not  certainly  identified  us  having  been  formed  in 
the  Cretaceous  period.  The  Mississippi  Valley  was  probably  pcno- 
planed.  The  nearly  flat-lying,  rocks  actually  have  a  slight  dip  and  are 
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beveled  by  erosion  thai  has  cut  across  the  edges  of  formations  in  a  nearly 
horizontal  plane.  Unlike  the  Appalachian  area,  the  interior  of  the  con- 
tinent shows  no  evidence  of  having  been  greatly  elevated  at  any  time. 

The  region  west  of  the  great  Upper  Cretaceous  seaway  in  the  Western 
Interior,  that  is,  Nevada,  eastern  California,  and  areas  northward,  must 
have  been  very  deeply  eroded  in  the  latter  part  of  Mesozoic  thne.  Moun- 
tain-making disturbances  had  occurred  here  at  the  close  of  the  Jurassic 
period  (Jurasside  orogeny),  and  it  is  probable  that  further  uplifts  took 
place  during  the  Cretaceous.  Evidence  of  the  extensive  erosion  predi- 
cated is  found  in  the  thickness  and  increasing  coarseness  of  Cretaceous 
rocks  in  the  Western  Interior  geosyncline  westward,  and  in  the  California 
trough  eastward.  This  land  between  the  two  belts  of  sedimentation 
was  certainly  the  source  of  a  large  part  of  the  detritus  that  went  to  make 
the  western  Cretaceous  formations. 

Continental  and  Marine  Sedimentation 

The  distribution  and  chief  characters  of  the  Cretaceous  deposits  in 
North  America  have  been  described.  Interpreting  this  record,  we  may 
arrange  in  consecutive  order  the  history  of  continental  and  marine  sedi- 
mentation during  the  period. 

Early  Cretaceous  Epoch. — The  earliest  marine  invasion  of  the  North 
American  continent  took  place  in  Mexico,  for  the  oldest  sea-laid  rocks  of 
the  period  are  found  there.     Gradually  the  Texas  and  Louisiana  region 
was  submerged  (Trinity  stage),  the  initial  deposits  consisting  of  sand  and 
gravel  derived  from  the  weathered  older  rocks.    The  succeeding  beds, 
mostly  limestone,  indicate  clear  water  and  show  that  the  region  adjacent 
to  the  Gulf  was  not  far  above  sea  level,  for  otherwise  quantities  of  mud 
and  sand  should  have  been  contributed  to  the  sea.     Progressive  thinning 
of  the  early  Comanche  sediments  northward  accords  with  the  longer 
occupation  of  the  southern  areas  in  comparison  with  the  northern. 
Temporary  partial  retreat  of  the  sea  brought  to  a  close  the  first  stage  of 
Early  Cretaceous  history  in  the  Gulf  region,  and  a  readvance  that 
exceeded  the  earlier  maximum  submergence  introduced  the  second  stage 
(Fredericksburg)*    This  was  also  characterized  mainly  by  clear  waters 
and  deposition  of  calcium  carbonate,  the  beds  being  thicker  in  the  south 
than  in  the  north.    The  marginal  deposits  of  the  sea  of  this  time,  as  seen 
in  southern  Kansas,  consist  mostly  of  sand  and  silty  clay.    The  third 
stage  (Washita)  witnessed  minor  geographic  changes  and  certain  differ- 
ences in  the  nature  of  the  marine  deposits  and  organisms.    The  beds  are 
mostly  calcareous,  however.    Retreat  of  the  sea,  upwarping  of  north- 
western Louisiana,  and  erosion  brought  the  Early  Cretaceous  epoch  to 
a  close. 

While  the  sea  was  flooding  parts  of  the  Gulf  region,  stream  and  swamp 
deposits  were  being  formed  along  the  Atlantic  Border  in  what  is  now  the 
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Coastal  Plain,  and  in  parts  of  the  Western  Interior.  In  the  east,  these 
deposits  are  not  very  thick;  they  contain  a  few  thin,  unimportant  coal 
beds.  In  the  west,  however,  Lower  Cretaceous  nonmarine  rocks  are 
locally  measured  in  thousands  of  feet  and  there  are  numerous  workable 
coal  beds  of  great  extent.  Swamps  with  abundant  plants  persisted  for 
a  long  time  afcd  coal-forming  conditions  were  recurrent  in  this  region. 

The  Pacific  Border  shows  the  greatest  known  thickness  of  Lower 
Cretaceous  sedimentary  rocks  on  the  continent.  A  relatively  narrow 
sea-filled  trough  on  the  west  side  of  the  mountains  that  were  formed  at 
the  close  of  Jurassic  time  received  huge  quantities  of  gravel,  sand,  and 
silt  that  were  carried  into  it  by  streams.  As  sedimentation  proceeded, 
the  trough  sank  deeper  and  deeper. 

Late  Cretaceous  Epoch. — In  Late  Cretaceous  time  the  sea  not 
only  reoccupied  territory  that  was  temporarily  uncovered  at  the  close  of 


FIG.  267. — Cross-bedding  in  the  Dakota  sandstone.  This  type  of  cross-bedding  which 
is  fairly  uniform  in  the  direction  of  dip  indicates  deposition  by  running  water.  Near 
Bennett,  Nebr.  (N.  H.  Darton,  U.  ft.  Genl.  Survey.) 

the  preceding  epoch  but  extended  rapidly  far  beyond  the  shores  of  the 
greatest  Early  Cretaceous  sea.  This  really  enormous  flooding  in  the 
Gulf  and  Western  Interior  country  reached  to  the  Arctic,  forming  a 
north-south  mediterranean  sea  that  was  more  than  1,500  miles  wide  in 
places.  The  submerged  region  was  evidently  a  sand-  and  soil-covered 
lowland  plain  before  depression  of  the  land  or  rise  of  sea  level  caused  the 
waters  to  advance  so  widely  and,  in  a  geologic  sense,  so  quickly.  The 
sandy  materials  of  this  land  were  reworked  by  the  sea  to  form  a  basal 
sandstone  (Dakota),  part  of  which,  however,  is  nonmarine.  The  succeed- 
ing dark-colored  marine  shale,  limestone,  chalk,  and  in  places  sandstone 
are  noteworthy  because  of  very  wide  distribution  and  general  uniformity. 
The  western  portion  of  the  sea  was  gradually  displaced  by  brackish-  and 
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fresh-water  deposits  containing  important  coal  beds,  and  eventually 
coal-forming  conditions  existed  far  to  the  east  (Laramie  of  eastern  Colo- 
rado). The  sediments  of  this  basin  appear  to  have  been  derived  mainly 
from  the  west,  as  shown  by  increasing  thickness  and  coarseness  and  pro- 
portion of  land  deposits  westward. 

The  most  prominent  sort  of  deposit  of  Late  Cretaceous  age  in  the 
Gulf  region  is  chalk  and  chalky  shale,  which  indicates  sedimentation  in 
clearer  waters  farther  from  the  sources  of  supply  of  land  waste.  Also,  as 
we  might  expect,  the  record  is  composed  almost '  exclusively  of  marine 
beds.  The  eastern  part  of  the  Gulf  region,  which  was  apparently  not 
covered  by  Lower  Cretaceous  deposits,  was  invaded  by  the  Late 
Cretaceous  sea,  chalky  beds  being  formed  in  parts  of  the  area,  while  sand 
and  shale  were  deposited  in  others.  There  are  also  thick  nonmarine 
deposits. 

The  Atlantic  Border  contains  Upper  Cretaceous  formations,  showing 
that  fluviatile  sedimentation  of  sand,  clay,  and  some  gravel  occurred  in 
the  early  part  of  the  epoch,  and  then  there  is  a  hiatus  until  late  in  the 
period  when  the  sea  advanced  over  the  coastal  belt. 

The  deeply  subsiding  trough  in  the  California  region  and  northward, 
which  received  such  great  thicknesses  of  Lower  Cretaceous  sediments, 
continued  mostly  to  be  covered  by  the  sea,  but  the  volume  of  Upper 
Cretaceous  rocks  is  much  smaller.  The  formations  consist  almost  wholly 
of  land  detritus  carried  into  the  sea  from  uplands  to  the  east;  in  places 
there  is  much  volcanic  material  deposited  with  the  products  of  erosion. 

Close  of  the  Period 

The  Laramie  Problem. — Viewed  broadly,  the  Cretaceous  and  its 
fossils  are  very  different  from  the  Tertiary  and  its  contained  remains  of 
life.  The  close  of  Cretaceous  time  not  only  marks  the  end  of  a  geologic 
period  but,  according  to  uniformly  accepted  definition,  it  terminates  a 
geologic  era.  The  essential  reasons  for  reckoning  this  as  a  major  punc- 
tuation point  in  earth  history  are  (1)  the  unusually  profound  crustal 
movements  which  occurred  at  this  time,  making  great  mountain  systems 
and  introducing  geographic  changes  of  far-reaching  importance,  and 
(2)  the  very  striking,  relatively  sudden  changes  in  the  nature  of  living 
organisms  which  were  doubtless  dependent  in  large  part  on  the  altered 
physical  environments. 

Uplift  of  the  continents  accompanied  by  withdrawal  of  the  sea  should 
be  marked,  we  may  suppose,  by  interruption  of  sedimentation  and  by 
erosion  of  previously  deposited  beds,  making  unconformities,  and  the 
boundary  between  rocks  of  the  Cretaceous  and  Tertiary  systems  should 
be  clearly  defined.  This  is  the  case  in  many  places.  Folded  or  tilted 
Cretaceous  and  older  rocks  are  seen  beveled  by  erosion  and  overlaid  by 
Early  Tertiary  strata.  Elsewhere,  undisturbed  Cretaceous  beds  are 


452  THE  MKSOZOIC  EPA 

delimited  at  the  top  by  a  distinct  erosionul  uucoiiforinity,  or  by  a  hiatus 
in  sedimentation  that  is  marked  by  changes  in  lithology  and  especially 
by  sudden  disappearance  of  old  species  of  organisms  and  introduction  of 
new  ones.  In  the  latter  cases,  the  Cretaceous  and  Tertiary  strata  may 
be  parallel,  but  the  division  between  them  is  readily  established. 

With  these  things  in  mind,  it  perhaps  seems  strange  that  in  the  West- 
ern Interior  of  North  America  there  is  a  widespread  group  of  beds, 
measuring  in  places  some  thousands  of  feet  in  thickness,  that  is  not 
definitely  classified  as  Cretaceous  or  Tertiary.  In  a  sense  these  are 
transition  beds.  It  is  always  to  be  remembered  that  time  is  continuous 
and  that  the  divisions  of  it  established  by  man  are  somewhat  arbitrary. 


FIG.  268. — The  Front  Ran^e  <>i  ih«-  Rocky  Mountains,  looking  west  from  a  point  near 
Colorado  Springs,  Colo.  The  snow-covered  summit  of  Pikes  Peak  appears  in  the  central 
background.  The  Rockies  were  elevated  at  the  beginning  of  the  Cenozoic  era,  sedimentary 
formations  being  steeply  upturned  and  faulted.  The  mountains  were  subsequently  pene- 
planed  and  then  reelevated  two  or  more  times  by  vertical  movements  that  did  not  involve 
folding  of  sedimentary  rocks.  The  last  uplift  occurred  in  Late  Cenozoic  time.  (U.  S. 
Geol.  Survey.) 

Continuity  of  sedimentation  during  intersystemic  and  even  interera 
"breaks"  is  to  be  expected  in  certain  places  and  conditions.  In  the 
Western  Interior  region,  the  beginning  of  mountain-making  movements 
in  Late  Cretaceous  time,  along  with  the  gradual  filling  of  the  broad 
epicontinental  sea  by  sediments  that  had  taken  place,  caused  the  nearly 
complete  retreat  of  the  inland  salt  waters.  Continental  sedimentation, 
mostly  by  streams  but  in  part  by  winds  and  by  lakes  and  swamps,  became 
very  extensive,  rock  debris  being  supplied  by  erosion  of  the  locally  uplifted 
areas.  These  subaerial  deposits,  a  large  part  of  which  have  escaped 
destruction  by  subsequent  erosion,  partly  bridge  the  gap  between 
undoubted  Cretaceous  and  definitely  identified  Tertiary  formations. 
Some  of  the  transition  beds  (Lance  and  equivalents)  contain  remains  of 
land  reptiles  (especially  dinosaurs)  that  are  closely  related  to  character- 
istic animals  of  the  Cretaceous  and  that  are  entirely  foreign  to  the  Ter- 
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tiary.  One  formation  (Cannonball)  in  North  Dakota  contains  a  marine 
invertebrate  fauna  which  is  most  like  the  very  late  Cretaceous  marine 
faunas.  On  the  other  hand,  the  abundant  fossil  plants  appear  to  be 
distinctively  Tertiary  in  aspect,  and  some  formations  contain  numerous 
primitive  types  of  mammals,  the  class  of  animals  which  became  dominant 
in  Tertiary  and  later  time.  Because  the  name  Laramie  was  initially 
applied  to  this  supposed  transition  zone,  the  problem  of  determining  the 
exact  age  of  the  deposits  and  of  fixing  the  boundary  between  Cretaceous 
and  Tertiary  in  the  Western  Interior  region  has  become  known  as  the 
Laramie  problem. 

Formerly,  it  was  supposed  that  a  single  epoch  of  crustal  movement 
was  involved  in  the  folding  of  Cretaceous  and  older  rocks  of  the  Rocky 
Mountain  region.  If  this  were  true,  it  should  *be  possible  to  determine 
the  age  of  the  so-called  transition  beds  with  respect  to  this  folding,  and, 
defining  the  close  of  the  Cretaceous  as  coincident  with  this  deformation, 
it  would  then  be  possible  to  class  the  doubtful  beds  in  one  period  or  the 
other,  despite  transitional  characters  that  are  shown.  As  a  matter  of 
fact,  studies  have  brought  to  light  evidence  indicating  that  several 
deforrnative  movements  jof  varying  intensity,  of  different  age,  and  affect- 
ing different  areas  unequally  must  be  recognized  near  the  close  of  the 
Mesozoic  and  beginning  <of  the  Cenozoic,  but  there  is  agreement  that  one 
of  the  disturbances  (pre-Wasatch)  is  of  chief  importance.  Which 
geologic  datum  shall  be  selected  as  the  dividing  point  in  the  time  scale? 
There  is  not  yet  agreement  on  this  question,  but  it  is  more,  important  to 
understand  the  true  conditions  and  the  history  that  is  represented  than 
to  settle  a  matter  of  definition. 

Following  are  some  of  the  chief  points  to  he  considered  in  study  of  the  Laramie 
problem.  (1)  Except  as  shown  by  marine  sediments  (Cannonball)  in  North  Dakota, 
the  sea  that  had  covered  the  Western  Interior  of  the  continent  during  most  of  Late 
Cretaceous  time  disappeared  after  deposition  of  the  widespread  dark  shale  (Pierre) 
and  sandstone  (Fox  Hills)  that  belong  at  the  top  of  the  undoubted  Cretaceous. 
Nonmarine  deposits  (Laramie,  Vermejo)  in  parts  of  the  Rocky  Mountain  region  are 
generally  agreed  to  belong  to  the  uppermost  Cretaceous  and  may  be  contemporaneous 
with  some  of  the  marine  deposits  mentioned.  (2)  Slightly  younger  nonmarine  forma- 
tions (Raton,  Dawson,  Denver,  Arapahoe,  Lance),  which  may  be  classed  as  transition 
beds,  have  been  reported  to  be  separated  from  underlying  rocks  by  a  major  uncon- 
formity which  is  interpreted  to  signify  a  mountain-making  uplift.  Accordingly, 
this  unconformity  has  been  suggested  as  a  logical  boundary  between  Cretaceous  and 
Tertiary.  Recent  studies  (Reeside,  Dobbin,  Lovering)  have  shown,  however,  that 
the  break  at  this  point,  where  recognizable  at  all,  is  of  minor  importance,  and  that 
there  is  certainly  no  indication  of  mountain-building  on  a  large  scale.  (3)  Similarly, 
there  is  absence  of  a  major  unconformity  between  these  " transition  beds"  and  the 
next  overlying  formations  (Fort  Union,  Puerco,  Torrejon)  that  are  commonly^ classed 
as  oldest  Tertiary.  (4)  That  geographic  changes  of  much  importance  were  in  progress 
at  about  this  time  is  indicated  by  the  profound  alteration  in  the  life  of  the  lands.  The 
beginning  of  this  rapid  change  appears  in  the  lowermost  transition  beds  (Lance  ami 
equivalents),  even  though  these  contain  characteristic  land  animals  and  marine 
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invertebrates  of  Mesozoic  aspect.  Modification  of  fauna  and  flora  in  the  direction 
of  typical  Tertiary  characters  has  advanced  so  far  in  the  next  younger  beda  (Fort 
Union  and  equivalents)  that  these  have  long  been  accepted  as  belonging  definitely  to 
the  Tertiary.  (5)  The  most  widespread,  strongly  marked  physical  evidence  of 
change,  involving  the  folding,  faulting,  and  truncation  by  erosion  of  great  thicknesses 
of  beds,  is  geologically  dated  as  pre-Wasatch,  which  is  slightly  younger  than  Fort 
Union. 

The  apparent  continuity  of  deposition  in  the  western  plains  does  not  necessarily 
mean  that  mountain-making  in  adjacent  territory  was  lacking.  It  signifies  rather 
that  sedimentation  in  the  particular  places  where  the  transition  beds  now  occur  was 
little  interrupted.  Materials  recognizable  as  having  been  derived  from  Paleozoic 
rocks  and  granitic  debris  that  probably  came  from  erosion  of  pre-Cambrian  rocks  are 
found  in  undoubted  late  Upper  Cretaceous  formations  (Laramie,  Kaiparowits). 
They  occur  in  larger  proportions  in  some  cases  in  the  transition  beds  (for  example, 
Dawson  arkose).  This  meajis  that  the  old  rocks  from  which  the  sediments  were 
obtained  were  exposed  to  erosion  and  implies  a  beginning  in  Late  Cretaceous 
time  of  the  crustal  disturbances  that  culminated  later.  The  pre-Wasatch  orogeny 
indicates  either  that  important  mountain-making  movements  occurred  after  the 
beginning  of  Tertiary  time,  or,  if  this  is  defined  as  marking  the  boundary  between 
the  Cretaceous  and  Tertiary,  that  the  main  biologic  change  which  distinguishes  the 
eras  occurred  in  Late  Mesozoic  time.  It  is  known  that  profound  crustal  disturbances 
continued  a  long  time  after  the  Wasatch.  For  the  present  it  seems  best  to  draw  the 
boundary  line  marking  the  close  of  the  Cretaceous  mainly  on  paleontologic  grounds, 
placing  it  between  the  Lance  transition  beds  and  the  Fort  Union.  This  conforms 
with  common  practice,  although  the  United  States  Geological  Survey  classes  Lance 
as  Tertiary(?). 

Mountain-building. — The  mountain-building  near  the  close  of 
Cretaceous  time  is  evidenced  by  steeply  tilted  and  folded  Cretaceous 
strata,  by  great  thrust  faults  that  dislocate  Cretaceous  formations,  and 
by  the  occurrence  of  Early  Tertiary  beds  (Wasatch),  adjacent  to  or  over- 
lying the  deformed  older  rocks,  that  are  unaffected  by  the  forces  that 
compressed  and  upheaved  the  pre-Tertiary  rocks.  Hard  beds  in  the 
upturned  Cretaceous  strata  make  hogback  ridges,  as  well  shown  by 
Sky-line  Drive  ridge  at  Canon  City,  Colo.,  and  many  others.  Thrust- 
faulting  is  especially  prominent  in  western  Montana,  Idaho,  Wyoming, 
and  Utah.  Some  of  the  faults  are  determined  as  Late  Cretaceous  or 
pre-Tertiary  in  age,  whereas  others  belong  definitely  to  the  Tertiary. 

The  post-Cretaceous  mountain-building  is  called  the  Rocky  Mountain 
(or  Laramide)  revolution,  because  a  great  chain  of  mountains  was  formed 
in  the  belt  now  occupied  by  the  Rockies.  The  mountains  of  the  present 
day  in  this  region  are  not  those  made  by  folding  and  thrusting  at  the 
end  of  the  Cretaceous  period,  for  the  latter,  though  probably  once  as 
imposing  and  lofty  as  their  modern  successors,  became  worn  down  to  a 
nearly  smooth  plain  in  mid-Tertiary  time.  The  mountainous  topog- 
raphy seen  in  this  belt  today  is  of  very  recent  geologic  origin.  It  is  the 
result  of  vertical  upwarping  in  Late  Tertiary  and  Quaternary  time  that 
rejuvenated  the  streams,  provided  conditions  favorable  for  mountain 
glaciation,  and  otherwise  produced  the  ruggedness  that  has  been  carved 
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i 
in  the  peneplaned  roots  of  the  ancient  mountains.    This  recent  rebirth 

of  the  Rockies  was  not  the  result  of  compressive  stresses  that  folded  and 
thrust-faulted  the  rock  strata;  it  was  simply  a  bodily  upward  movement. 
On  the  other  hand,  the  folded  and  faulted  structure  of  the  Rocky  Moun- 


EXPLANATION 


FIG.  269. — Geologic  map  and  section  of  area  near  Golden,  Colo,  (a  short  distance  west 
of  Denver),  showing  upturned  Cretaceous  and  older  rocks  tit  the  margin  of  the  Rocky 
Mountains.  (U.  S.  Gcol.  Survey.) 

tain  Front  and  of  other  parts  of  the  chain  (except  locally)  are  due  to  the 
orogeny  that  closed  the  Mesozoic  (see  Fig.  360,  page  580). 

It  is  perhaps  well  to  call  attention  here  to  a  common,  thoughtless  misconception 
that  the  granite  core  of  a  mountain  range  like  the  Rockies  is  intruded  into  the  moun- 
tains. Volcanic  activity  is  generally  associated  with  mountain-building,  and  granitic 
or  other  igneous  magmas  may  invade  parts  of  the  rock  masses  that  are  involved  in 
an  orogenic  movement.  But  all  such  intrusions  intersect  the  previously  existing 
rocks  and  are  regarded  as  younger  than  them.  Excepting  some  places  where  relatively 
late  magmatic  invasions  have  occurred,  the  granites  of  the  Rockies  are  all  older  than 
the  Cambrian  which  rests  unconformably  upon  them  (Fig.  52)  and  enormously  older 


456  THE  MESOZOIC  ERA 

than  the  end  of  the  Cretaceous  when  mountain  uplift  occurred.  The  formation  of 
the  mountains  was  accomplished  by  deformation  of  solid  rocks,  both  those  of  sedi- 
mentary and  those  of  igneous  origin.  The  slow  distortion  and  bending  of  huge 
masses  of  solid  crystalline  rock  like  granite,  under  influence  of  irresistible  squeezing, 
are  concepts  difficult  to  grasp,  yet  deformation  of  this  sort  is  commonly  evidenced  in 
geology. 

The  Rocky  Mountain  revolution  is  represented  in  South  America  by 
folding  and  faulting  of  the  eastern  Andes.  These  movements  produced 
a  great  range  of  mountains,  but,  as  in  the  case  of  the  Rockies,  the  modern 
Andes  are  of  much  more  recent  origin.  There  was  mountain-building 
at  this  time  also  in  Antarctica,  the  West  Indies,  and  northeastern  Asia. 
Other  lands  were  subjected  to  gentle  uplift  and  warping  but  not  intensive 
folding.  The  mountain-making  activities  of  this  time  thus  appear  to  be 
of  Pacific  origin. 

Warping  Movements. — Elevation  of  the  peneplaned  Appalachian 
Mountain  region  (Fall  Zone  peneplain  overlaid  by  Cretaceous  sedi- 
ments?), accompanied  by  warping,  occurred  at  about  the  close  of  Cretace- 
ous time  and  the  streams  began  to  cut  downward  more  rapidly  again, 
carrying  the  eroded  materials  sea  ward  to  build  the  Early  Tertiary  deposits. 
Gentle  uplift  of  this  sort* but  smaller  in  amount  probably  affected  the 
Mississippi  Valley  region.  The  structural  attitude  of  the  Great  Plains 
country  was  also  given  essentially  its  present  form,  the  Cretaceous  and 
older  rocks  being  beveled  by  erosion  before  mid-Tertiary  time. 

Igneous  Activity 

Despite  general  stability  of  the  earth  crust  in  Cretaceous  time,  as 
indicated  by  the  great  spread  of  shallow  seas,  there  is  evidence  of  igneous 
activity  in  many  places.  One  of  the  largest  known  outpourings  of  lava 
in  geologic  history  is  found  in  the  Dekkan  Plateau  of  southern  India,  and 
associated  fossil-bearing  land  sediments  show  that  the  flows  are  of  Late 
Cretaceous  age.  These  lavas,  mostly  basalts,  now  cover  an  area  of 
200,000  square  miles  but  it  is  estimated  that  their  original  area  may  have 
been  half  a  million  square  miles.  Near  Bombay  they  are  about  10,000 
feet  thick;  eastward  and  southward  they  are  much  thinner.  Individual 
flows  have  an  average  thickness  of  about  15  feet.  Eastern  Africa  also 
contains  vast  accumulations  of  volcanic  rocks  apparently  related  in 
origin  to  faulting  on  a  large  scale  that  occurred  late  in  the  Cretaceous. 
Volcanic  eruptions  in  Arabia  belong  mainly  to  the  mid-portion  of  the 
period.  The  igneous  activity  of  these  regions  bordering  the  Indian 
Ocean  is  thought  to  have  genetic  connection  with  the  breaking-up  and 
downward  sinking  of  segments  of  the  earth  crust  that  had  formed  part 
of  ancient  Gondwanaland,  these  segments  now  forming  part  of  the  floor 
of  the  Indian  Ocean. 

North  America  also  contains  record  of  Cretaceous  vulcanism  on  a 
large  scale.  Unlike  the  quiet-type  lava  flows  of  India,  however,  the 
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igneous  materials  of  this  continent  are  largely  the  product  of  explosive 
eruptions  (volcanic  ash,  tuff  fragments).  These  occur  in  many  places 
in  the  water-laid  sedimentary  formations  of  Cretaceous  age.  In  the 
Gulf  region,  volcanoes  are  known  to  have  existed  before  the  beginning  of 
Gulfian  sedimentation,  and  others  appeared  later  in  the  Cretaceous. 
Some  formations  hundreds  of  feet  thick  and  covering  a  large  area  are 
mainly  composed  of  reworked  igneous  matter.  Many  volcanic  necks 
have  also  been  discovered.  The  distribution  of  the  vents  and  of  igneous 
intrusions  is  very  suggestive,  for  there  is  rather  definite  alignment  on 
one  of  the  chief  structural  features  of  the  Gulf  plains  country,  a  line  of 
faulting  and  flexing  that  separates  the  downwarped  coastal  region  from 
the  relatively  stable  interior  platform  of  the  continent  (Balcones  fault 
zone). 

The  shale  and  chalk  beds  of  the  Upper  Cretaceous  in  Texas,  Kansas, 
and  many  parts  of  the  Western  Interior  contain  many  thin  beds  of 
bentonite,  a  chemically  altered  volcanic  ash.  These  beds  are  very  helpful 
in,  correlating  sections  of  the  formations  containing  them,  for  each  ash 
bed  is  a  strictly  contemporaneous  deposit  and  beds  less  than  an  inch  in 
thickness  are  known  to  extend  uniformly  over  hundreds  and  perhaps 
thousands  of  square  miles.  The  Upper  Cretaceous  of  Colorado,  Wyom- 
ing, and  Montana  has  been  found  to  contain  very  thick  and  extensive 
deposits  of  volcanic  ash  and  other  igneous  matter  (especially  in  the 
Livingston,  Aspen,  ufnd  Mowry  formations). 

Climate 

Inferences  concerning  the  climate  of  Cretaceous  time  are  based  mainly 
on  the  nature  and  distribution  of  land  plants  and  on  paleogeographic 
considerations.  Palms,  ferns,  and  especially  the  breadfruit  tree  (Arto- 
carpus),  all  of  which  occur  in  the  Cretaceous  of  western  Greenland, 
and  plants  from  Svalbard,  within  11  degrees  of  the  North  Pole,  a1  re 
commonly  cited  as  indicating  subtropical  climate.  However,  some 
paleobotanists  (Berry)  strongly  doubt  the  significance  of  this  testimony, 
pointing  out  that  moisture  conditions  are  more  i  iportant  than  tempera- 
ture, that  plant  groups  show  greater  adaptative  capacities  in  the  advanc- 
ing and  peak  stages  of  their  evolutional  career  than  in  the  decline  (applies 
to  cycad  palms),  and  that  for  various  reasons  these  and  other  deductions 
as  to  climate  are  insecure.  It  does  seem  clear,  nevertheless,  that  distribu- 
tion of  warmth  and  moisture  was  much  more  uniform  in  the  Cretaceous 
period  than  now.  High  latitudes  may  have  been  cool,  but  they  were  not 
frigid.  There  is  fco  evidence  of  well-defined  climatic  zonation.  The  seas 
that  extended  across  North  America  from  Gulf  to  Arctic  and  across 
Eurania  were  factors  in  making  an  equable  climate,  for  large  water  bodies 
are  natural  regulators  of  moisture  and  temperature  in  the  atmosphere, 
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and  north-south  circulation  by  currents  must  have  differed  considerably 
from  present  conditions.  As  previously  noted,  wide  shallow  seas  and 
low  lands  without  prominent  mountain  ranges  promote  uniformity  of 
climate,  while  opposite  conditions  favor  climatic  differentiation.  Physi- 
cal characters  of  Cretaceous  time  approximate  the  former,  present  time 
the  latter. 

ECONOMIC  PRODUCTS 

The  chief  materials  useful  to  man  that  are  obtained  from  Cretaceous  formations 
are  coal,  oil,  gas,  and  water.  In  addition,  these  rocks  yield  building  stone,  materials 
for  manufacture  of  Portland  cement,  clay  for  brick  and  tile  .and  also  for  coarse  and 
fine  pottery,  greensand  (iron-potash  hydrosilicate  used  as  fertilizer),  and  diamonds 
(from  Cretaceous  igneous  intrusions  in  Arkansas). 

Coal  of  Cretaceous  age  occurs  in  the  Western  Interior  region  of  the  United  States, 
western  Canada,  Alaska,  Germany,  Australia,  New  Zealand,  and,  less  importantly,  in 
many  other  places.  The  tonnage  of  workable  coal  is  second  only  to  that  of  Penn- 
sylvanian  age.  The  coal  ranges  in  grade  from  lignite  or  brown. coal  with  a  relatively 
high  moisture,  ash,  and  volatile  hydrocarbon  content  to  anthracite,  the  latter  occur- 
ring in  a  few  places  (as  Colorado)  where  intrusion  of  igneous  rocks  or  exceptional  com- 
pression due  to  folding  has  metamorphosed  the  coal  beds.  A  large  part  of  the  coal  is 
bituminous  or  subbituminous. 

Oil  and  gas  are  obtained  from  Cretaceous  rocks  chiefly  in  the  Gulf  and  Rocky 
Mountain  regions  of  North  America.  The  main  producing  formations  of  the  Gulf 
area  are  Comanchean  limestones  (Texas  arid  Mexico),  Gulfian  sandstones  (Texas, 
Louisiana,  Arkansas),  and  pervious  intrusive  rock  masses  (Thrall  and  Lytton  Springs, 
Texas).  Some  of  the  Mexican  wells  have  yielded  unusually  large  quantities  of 
oil,  one  producing  for  a  time  at  a  rate  exceeding  260,000  barrels  a  day.  The 
Rocky  Mountain  fields  are  located  in  Wyoming,  New  Mexico,  Montana,  Colorado, 
and  Alberta.  The  oil  is  of  very  good  grade. 

Cretaceous  sandstones  are  an  important  source  of  fresh  water  in  the  Great  Plains 
and  Gulf  regions  of  the  United  States  and  in  Australia.  In  part,  the  flow  of  this 
water  in  deep  wells  is  artesian.  The  most  important  formations  are  the  Dakota  and 
the  Trinity. 

SUMMARY 

The  Cretaceous  system  consists  of  widespread  marine  deposits  of 
dark-colored  shale,  chalk,  chalky  limestone,  and  sandstone,  and  of 
extensive  nonmarine  deposits  of  shale,  sandstone,  and  coal.  In  North 
America  these  formations  are  divisible  into  two  series,  Lower  Cretaceous 
and  Upper  Cretaceous.  Outcrops  are  found  on  the  Atlantic  Coastal 
Plain,  in  the  Gulf  of  Mexico  embayment,  the  Western  Interior,  and 
Pacific  Border. 

The  Cretaceous  of  the  Atlantic  region  occurs  at  the  inner  margin  of 
the  Coastal  Plain,  resting  unconformably  on  older  rocks  and  dipping 
gently  seaward.  It  consists  of  Lower  Cretaceous  nonmarine  sediments 
and  of  lower  Upper  Cretaceous  nonrnarine  sands  unconformably  overlaid 
by  Upper  Cretaceous  marine  beds, 
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The  western  part  of  the  Oulf  region  shows  a  nearly  complete  sequence 
of  Cretaceous  rocks,  excepting  the  oldest  and  youngest  European  equiva- 
lents. It  begins  with  oldest  Comanchean  (Lower  Cretaceous)  in  Mexico 
and  southwestern  Texas  and  shows  a  progressive  northward  invasion  of 
the  sea  across  Texas  and  beyond.  Three  major  divisions  of  the  Coman- 
chean rocks  are  recognized  (Trinity,  Fredericksburg,  Washita).  Each 
of  these  groups  is  thicker  in  the  south  and  becomes  thinner  toward  the 
north.  Local  uplift  accompanied  by  erosion  of  Comanchean  deposits 
and  temporary  retreat  of  the  sea  terminated  Early  Cretaceous  time. 
The  readvance  of  the  sea  in  the  Gulfian  (Late  Cretaceous)  epoch  was 
geologically  rapid  and  extended  far  beyond  the  limit  of  Comanchear 
invasion,  eventually  joining  with  waters  from  the  Arctic.  The  Guli 
series  consists  of  a  basal  sand,  dark-colored  shale,  chalk,  and  chalky 
shale.  The  eastern  part  of  the  Gulf  province  appears  to  contain  only 
Upper  Cretaceous  deposits  which  in  part  exhibit  lateral  gradation  from 
sandy  shale  and  sand  to  chalk;  the  lower  part  of  the  series  consists  of 
nonmarine  sandy  beds. 

The  Western  Interior  region  shows  the  presence  of  nonmarine  Lower 
Cretaceous  deposits  that  are  thick  locally  and  contain  workable  coal 
beds.  The  rocks  of  Late  Cretaceous  age  consist  of  a  marine  and  non- 
marine  basal  group  (Dakota)  in  which  sandstone  is  most  prominent;  a 
very  extensive  marine  group  (Colorado)  made  up  of  shale,  chalk,  and 
sandstone,  but  containing  locally  some  continental  beds;  and  at  the 
top,  of  marine  and  nonmarine  coal-bearing  beds  more  equally  divided 
(Montana,  Laramie,  and  Lance).  The  extremely  large  area,  considerable 
thickness,  dominance  of  clastic  sediments,  and  lateral  gradation  of  marine 
and  coal-bearing  continental  deposits  are  important  characters  in  this 
province. 

The  Pacific  Border  region  contains  a  ratiier  narrow  belt  of  exceedingly 
thick  Cretaceous  sediments  representing  both  Early  and  Late  Cretace- 
ous time  and  indicating  active  erosion  of  an  upland  to  the  east  while  the 
geosynclinal  area  was  steadily  subsiding. 

The  close  of  the  period  was  marked  by  diastrophic  movements  that 
define  also  the  end  of  the  Mesozoic  era.  The  Rocky  Mountains  in  North 
America  and  the  Andes  in  South  America  were  elevated  as  a  great  chain, 
but  the  present  mountains  in  these  regions  are  due  wholly  to  later  geologic 
movements.  Deposition  of  continental  sediments  and  some  marine  beds 
(North  Dakota)  continued  in  the  Western  Interior  of  the  United  States, 
forming  transition  beds  that  almost  bridge  the  gap  between  Cretaceous 
and  Tertiary.  The  determination  of  the  proper  boundary  between  these 
systems  in  the  Western  Interior  is  a  difficult,  long-controverted  question 
that  is  known  as  the  Laramie  problem. 

,      Vulcanism  is  evidenced  by  volcanic  necks  and  other  intrusions  in  the 
Gulf  region,  and  by  widespread  layers  of  ash  and  water-laid  tuft&ceow 
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material  derived  from  volcanic  vents.  The  latter  are  thick  and  wide- 
spread in  the  Western  Interior  region.  The  region  bordering  the  Indian 
Ocean,  especially  in  India,  was  the  scene  of  enormous  outpouring  of 
basaltic  lava  toward  the  close  of  Cretaceous  time. 

The  climate  of  the  period  was  generally  mild. 

Economic  products  obtained  from  Cretaceous  rocks  are  important, 
including  especially  coal,  oil,  gas,  and  fresh  water. 


CHAPTER  XXV 

LIFE  OF  MESOZOIC  TIME 
MESOZOIC  ANIMALS— THE  AGE  OF  REPTILES  AND  AMMONITES 

No  part  of  earth  history  offers  record  of  such  strange  and  varied  life 
as  that  of  the  so-called  " mediaeval  era"  of  life  development.  The 
culmination  of  the  reptiles  in  size,  specific  differentiation,  and  numbers  is 
accompanied  by  a  very  remarkable  adaptation  of  members  of  this  class 
to  almost  every  type  of  environment  and  mode  of  life.  Dinosaurs,  the 
"  terrible  lizards,"  were  the  rulers  of  the  land,  attaining  a  ponderous  bulk 
unequaled  in  history  of  land  animals.  Few,  if  any,  predaceous  creatures 
can  rival  the  ferocious  dagger-like  teeth  and  claws  of  some  of  the  carnivor- 
ous dinosaurs,  and  no  armored,  vertebrate  animals  of  other  type  or  time 
are  more  bizarre  than  some  of  the  armored  dinosaurs.  Land  reptiles  of 
this  time  include  also  the  true  lizards,  and  in  the  waters  of  the  land  there 
were  turtles  and  crocodiles.  One  group  of  reptiles  developed  a  batlike 
form,  becoming  remarkably  adapted  for  flight  in  the  air.  From  r%>tiles, 
also,  the  birds  were  derived.  Several  different  reptilian  stocks  became 
specially  fitted  for  life  in  the  sea.  Some  of  them  took  on  a  striking  fishlike 
form  and  became  entirely  unable  to  travel  on  land.  The  Mesozoic  is 
well  named  the  "Age  of  Reptiles." 

Among  invertebrates,  also,  there  are  many  specially  interesting  organ- 
isms. The  complexly  sutured,  mostly  tight-coiled,  and  externally 
ornamented  ammonoid  cephalopods  are  undoubtedly  the  most  distinc- 
tive and  important.  An  almost  incredible  variety  of  these  shells  is 
represented  by  Mesozoic  fossils,  but  none  are  known  from  younger  rocks. 
As  regards  the  evolution  of  invertebrate  stocks,  therefore,  the  era  may 
be  designated  appropriately  as  the  "Age  of  Ammonites."  The  appear- 
ance of  very  abundant  cephalopods  of  the  squid  type  is  evidenced  by 
innumerable  cigar-shaped  "guards"  which  form  part  of  the  internal  shell 
structure.  Pelecypods  and  gastropods  increased  greatly  in  importance 
and  in  similarity  of  form  to  modern  types.  Sea  urchins  were  much  more 
common  and  varied  than  at  any  earlier  time. 

Contrasting  Features  of  Mesozoic  and  Paleozoic  Life. — A  general 
characteristic  of  the  animals  of  Mesozoic  time  which  may  be  emphasized 
is  the  contrast  with  Paleozoic  life.  So  great  is  the  change  that  early 
geologists  were  convinced  that  a  world-wide  catastrophe  must  have 
wiped  out  existing  forms  of  life  at  the  close  of  the  Paleozoic  era  and  that 
a  new  creation  at  the  beginning  of  the  Mesozoic  had  repeopled  the  earth 
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with  different  kinds  of  organisms.  Generally  speaking,  the  complexion 
of  Mesozoic  life  is  very  unlike  that  of  Paleozoic  time.  This  is  shown  by 
(1)  disappearance  of  such  animals  as  the  trilobites,  blastoids,  and  archaic 
types  of  crinoids,  bryozoans,  and  corals,  (2)  the  great  decline  of  such  an 
abundant  and  characteristic  Paleozoic  group  as  the  brachiopods,  (3)  the 
rapid  development  and  differentiation  of  such  groups  as  the  ammonites 
among  invertebrates,  and  the  reptiles  among  vertebrates,  and  (4)  the 
introduction  of  new  types  of  organisms.  Many  of  the  Mesozoic  classes 
of  animals  branched  and  expanded  greatly  during  the  era.  The  majority 
of  these  branches  flourished  for  a  time  and  then  died,  without  seeing  the 
beginning  of  Cenozoic  time. 

The  changes  in  life  at  the  close  of  the  Paleozoic  era  are  really  not  so 
profound  as  might  be  inferred  from  the  statements  just  made,  for  all 
phyla,  many  orders,  and  not  a  few  families  and  genera  did  survive  from 
Permian  into  Triassic  or  later  times.  The  Lower  Triassic  invertebrate 


Fia.  270. — The  long-tailed  dinosaur  Diplodocus  which  attained  a  length  of  90  feet.     (Res- 
toration by  C.  W.  Gilmore,  U.  S.  National  Museum.) 

faunas  include  several  forms  that  differ  only  in  minor  ways  from  Permian 
predecessors.  Among  vertebrates,  also,  there  are  Lower  Triassic  reptiles 
in  both  Europe  and  South  Africa  that  are  almost  identical  with  Upper 
Permian  species.  A  variety  of  new  reptile  types  that  are  characteristic 
of  Mesozoic  time  make  appearance  in  the  Upper  Triassic  rocks.  In  brief, 
while  the  contrast  between  Paleozoic  and  Mesozoic  life  is  striking,  present 
knowledge  indicates  plainly  that  the  later  faunas  are  descendants  of  the 
earlier  ones  and  the  two  are  not  so  sharply  differentiated  at  the  boundary 
of  the  eras  as  was  once  supposed. 

The  significant  features  of  the  animal  life  of  the  Mesozoic  are  advan- 
tageously studied  according  to  zoologic  divisions,  but  we  shall  take  first 
the  most  striking  group,  the  reptiles,  next  the  other  vertebrates,  and 
finally,  the  invertebrates.  The  subdivisions  of  these  are  arranged 
approximately  in  order  of  relative  importance  rather  than  according  to 
biologic  order. 

Reptiles 

The  dominance  of  reptiles  is  an  outstanding  character  of  life  on  the 
earth  during  the  Mesozoic  era.  The  progress  of  the  reptiles,  as  of  any 
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kind  of  life,  may  be  measured  (1)  by  numbers,  variety,  size,  and  similar 
physical  characters,  (2)  by  degree  of  success  in  getting  food,  in  avoiding 
or  conquering  enemies,  and  otherwise  in  adaptation  to  environment, 
and  (3)  by  the  extent  to  which  radiation  into  all  possible  modes  of  life 
is  effected.  In  the  Triassic,  Jurassic,  and  Cretaceous  periods,  reptiles 
achieved  the  greatest  abundance  and  variety  of  form  and  stature  in  their 
history.  They  learned  to  feed  on  many  kinds  of  plants,  fresh-water  and 
marine  invertebrates,  fishes,  amphibians,  other  reptiles,  and  doubtless 
some  of  the  primitive  mammals.  The  only  real  competitors  were  mem- 
bers of  their  own  class.  They  became  remarkably  specialized  for  life 
on  the  lands,  in  the  seas,  and  in  the  air. 

Radiation  of  the  Reptiles. — The  first  reptiles  were  sluggish  animals 
that  in  form  and  general  habits  probably  resembled  their  amphibian 
ancestors.  As  the  reptilian  stock  developed,  however,  some  of  its 
branches  became  increasingly  fitted  in  a  variety  of  ways  for  life  on  the 
lands.  Other  branches  returned  to  the  waters  and  became  specially 
adapted  to  the  requirements  of  this  mode  of  life.  Still  other  branches 
took  to  the  air  and  underwent  some  very  radical  changes  of  form.  The 
plasticity  and  virility  of  the  reptile  group  at  this  stage  in  its  history  are 
well  shown  by  the  rapid  and  wide  radiation  of  these  branches  into  practi- 
cally all  possible  habitats.  A  similar  tendency  to  expand  remarkably  and 
radiate  widely  is  seen  at  a  corresponding  stage  in  the  career  of  the  mam- 
mals in  Tertiary  time,  and  to  greater  or  less  degree  it  appears  in  many 
other  animal  groups.  This  expansion  and  radiation  are  signs  of  racial 
adolescence,  just  as  inadaptability  to  changing  environment  and  over- 
specialized  characters  are  marks  of  racial  senescence. 

Among  land  reptiles  an  important  line  of  development  appears  in 
changes  of  the  limbs  that  make  for  ease  in  carrying  the  weight  of  the 
body  and  for  speed.  Primitive  reptiles,  like  their  amphibian  ancestors, 
carried  the  body  close  to  the  ground,  the  short,  rather  weak  legs  extending 
outward  from  the  sides  and  then  downward.  The  legs  moved  in  a  lateral 
arc,  and  in  walking  the  gait  was  a  slow,  awkward  waddle.  The  first 
improvement  as  regards  locomotion  on  land  is  seen  in  a  change  of  the 
attitude  of  the  lower  part  of  the  limbs,  bending  downward  so  that  the 
body  of  the  reptile  is  somewhat  elevated.  This  plan  of  the  limbs  is  seen 
in  modern  lizards  and  very  many  Mesozoic  land  reptiles.  A  next  and 
very  important  advance  consists  in  swinging  the  entire  length  of  the  legs 
beneath  the  body,  so  that  they  move  forward  and  backward  in  a  vertical 
plane  and  considerably  increase  the  length  of  the  stride.  Some  of  the 
Mesozoic  reptiles,  especially  among  the  dinosaurs,  show  this  develop- 
ment, but  they  do  not  carry  it  to  the  extreme  seen  in  many  of  the  mam* 
mals,  where  the  length  of  limbs  is  increased  by  walking  on  the  tips  of 
the  fingers  and  toes. 
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Aquatic  reptiles  show  various  degrees  of  adaptation  to  their  environ- 
ment as  manifested  by  the  form  and  structure  of  the  limbs  and  by 
the  shape  of  the  body.  The  limbs  tend  to  become  paddle-  or  oarlike,  the 
bones  above  the  wrist  and  ankle  becoming  short  and  broad,  while  the 
phalanges  are  lengthened  by  additional  joints.  Such  an  organ  is 
admirably  fitted  to  serve  in  swimming  but  is  quite  useless  for  walking. 
Some  of  the  aquatic  reptiles  developed  a  remarkable  fishlike  form,  which 
is  really  the  best  design  for  swift  movement  in  a  fluid  medium.  They 
propelled  themselves  mainly  or  entirely  by  their  tail  which  bore  a  good- 
sized  fin,  and  there  was  a  dorsal  fin  as  well. 


FIG.   271  A. — The  pickax-headed  flying  reptiles,  Ptcranodon,   skeletons  of  which  are 
found  in  the  marine  chalk  of  western  Kansas. 

The  flying  reptiles  (and  likewise  the  birds,  which  developed  out  of  an 
entirely  different  reptile  line)  probably  learned  first  to  glide  and  only 
later  to  fly.  Adaptation  to  flight  through  the  air  is  seen  in  a  general 
lightening* of  the  bones  of  the  skeleton,  but  especially  by  a  very  remark- 
able modification  of  the  structure  of  the  forelimbs,  in  the  true  flying 
reptiles  for  support  of  a  membranous  wing,  and  in  the  birds  for  a  wing 
clothed  with  feathers. 

This  progressive  radiation  and  modification  of  the  reptile  group  into 
divergent  branches  with  different  modes  of  life  and  the  consequent  effects 
on  botly  form  and  structure  are  outstanding  features  in  the  Mesozoir 
history  of  life.  Let  us  now  observe  the  chief  characters  of  Home  of  these 
branches. 
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The  dinosaurs,  or  "  terrible  reptiles,"  may  rightly  be  considered  the 
dominant  animals  of  Mesozoic  time.  Not  only  were  they  numerous  and 
distributed  over  all  of  the  continents  but  they  developed  a  surprising 
diversity  of  form  and  size,  and  they  became  adapted  to  very  different 
sorts  of  environment  and  modes  of  life.  Dinosaurs  include  the  largest, 
most  ponderous  land  animals  that  are  known.  The  maximum  length 
was  about  90  feet  (Diplodocus) ,  and  the  weight  of  the  living  animal  in 
the  case  of  the  largest  known  forms  (Brachiosaurus)  probably  exceeded 


Flu.  27 IB. — One  of  the  great  mosasaurs,  Platecarpus,  and  the  turtle,  Archclon.  which 
lived  in  the  Late  Cretaceous  seas  of  North  America.  (('.  K.  Kni't/ht.  Field  Museum  of 
Natural  History.) 

80,000  pounds.  Some  of  the  carnivorous  types  might  claim  to  be  the 
most  powerful  and  ferocious  engines  of  destruction  that  have  ever  been 
produced  in  animate  form,  though  low  intelligence  and  lack  of  cuntiing 
may  have  made  them  actually  less  dangerous  than  many  of  the  preda- 
ceous  mammals.  The  armored  and  horned  dinosaurs  are  very  grotesque 
creatures,  like  the  modern  horned  toad. 

As  to  habits,  there  is  evidence  that  some  of  the  dinosaurs  were^swift- 
running  creatures,  others  slow  and  lumbering;  some  splashed  and  waded 
about  in  shallow  waters  of  the  land,  and  a  few  were  able  to  swim.  The 
majority  were  plant  eaters,  but  there  were  also  fierce-looking1  flesh  eaters. 
Not  all  of  the  dinosaurs  were  of  huge  size,  for  one  Triassie  type  was  not 
much  larger  than  a  small  cat. 
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The  first  dinosaurs  appeared  in  the  Tri&ssic  period.  They  were  very 
common  in  Jurassic  and  Early  Cretaceous  time  and  they  Declined  and 
disappeared  toward  the  close  of  the  Mesozoic  erah  V  J^i  C^ 

Judged  by  characters  of  the  skeleton,  it  is  kKely  tnat  the  dinosaurs 
descended  from  two  somewhat  different  ancestral  reptile  typesjW  at 
any  rate  there  was  an  important  divergenceanto  two  main  linearwhich 
tnok  place  before  the  dinosaurs  made  their  appearance,  as  far  as  repre- 
sented by  known  fossils.  One  group,  called  Saurischia  _(hip_  bones 
reptile-like),  shows  affinities  with  the  lizard-like  reptiles.  Here  belong 
the^giant  quadrupedal  herbivorous  dinosaurs  and  the  bipedal  carnivores. 
Tfie  other  group,  called  Ornithischia  (hip  bones  birdlike),  is  related  in 
Several  characters  to  the  birds.  All  are  herbivorous  and  there  are  three 
subgroups:  bipedal  (Qrnithopoda),  armored  (Stegosauria),  and  horned 
'(CeratopsiaJ.Sln  describing  these  various  types  we  may  conveniently 
diverge  somewhat  from  the  scientific  classification  and  take  up  first  the 
•carnivorous  and  then  the  herbivorous  kinds. 

The  Carnivorous  Dmosaurs.-~fflvTdence  of  the  predaceous,  flesh- 
eating  habits  of  this  group  of  dinosaurs  is  clearly  seen  in  the  nature  of  the 
teeth  and  claw-armed  litffcs^  (The  teeth  were  slightly  curved,  dagger- 
shaped,  and  sharply  pointed.  The  long  row  of  these  on  the  upper  and 
lower  jaws  of  the  wide-gaping  mouth  roughly  interlock  when  the  mouth 
is,  closed,  forming  a  n\ggt  fearsome  and  effective  flesh-cutting,  flesh- 
tearing  apgamtusN  johe  claws  were  curved  and  talon-like.  The  hind 
limbs  were  large  rind  powerful,  while  those  in  front  were  much  smalter, 
In  some  absurdly  small/useful  only  for  grasping  and  holding  preA  or 
not  even  for  that.  $?he  part  of  the  body  in  front  of  the  walking  limbs  was 
more  or  less  well  counterbalanced  by  the  rear  part  of  the  abdomen  and 
a  weighty  taUrYSome  of  these  dinosaurs  could  certainly  run  swiftly)but 
it  is  not  likely ^hat  they  were  agile.  The  largest  ones  were  so  ponderous 
that  the  inertia  of  their  lumbering  charge  against  enemy  or  prey  must 
have  been  all  but  irresistible.  /Their  skin  may  have  borne  small  scales 
but  the  body  was  not  protected  by  armorX  ;  \\  \  ,v 

Carnivorous  dinosaurs  are  known  in  each  of  the  Mesozoic  periods. 
They  show  considerable  range  in  size  and  in  degree  of  specialization.  We 
restrict  mention  here  to  two  interesting  representatives  of  the  group,  both 
of  which  are  well-known  from  essentially  complete  skeletal  remains. 
^/Attosa^rus  .is  a  carnivorous  dinosaur  of  Late  Jurassic  (Morrison)  age 
thai  lived  in  Wyoming,  Colorado,  and  probably  other  parts  of  the  North 
American  continent.^  A  mounted  skeleton  in  the  American  Museum  of 
Natural  History,  New  York  City,(js.8  feet  3  inches  in  height  and  more 
than  34  feet  in  length.  The  large  jaws  are  loosely  hung  and  could  evi- 
dently be  opened  widely,  permitting  the  animal  to  swallow^nusually 
large  fragments  of  its  prey  or  to  gobble  up  smaller  animals  whole.  'The 
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teeth  are  recurved  and  powerful.     The  small  front  limbs  and  the  large 
hind  limbs  are  armed  with  strong  curved  daws;, 

\ /The  greatest  of  the  carnivorous  dinosaurs  is  Tyrannosaurus,  two 
splendid  specimens  of  which  are  mounted  in  the  American  Museum. 
Remains  of  this  animal  come  from  the  latest  Cretaceous  rocks  (Lance 
oeds)  in  western  North  America/;  ( It  reached  a  length  of  47  feet  and  a 
height  of  approximately  20  feet.  The  head  of  one  specimen  is  4  feet  3 
inches  long,  3  feet  4  inches  high,  and  nearly  3  feet  wide.  The  sharp-edged 
teeth  are  3  to  6  inches  long  and  about  1  inch  wide.  The  curved  claws 
are  6  to  8  inches  lon^  A  truly  awesome  and  terrifying  thing  this  ancient 


FIG.  272. — Allosaurus,  a  Late  Jurassic  carnivorous  dinosaur  of  the  western  United 
States.  The  mounted  skeleton  and  restoration  represent  the  reptile  feeding  on  the  remains 
of  a  large  herbivorous  dinosaur.  (American  Museum  of  Natural  History.) 

beast  must  have  been.  It  is  interesting  to  note  that  the  culmination  of 
the  flesh-eating  reptiles  was  developed  practically  at  the  close  of  the 
reign  of  the  dinosaurs  and  that  with  all  others  of  this  group  it  suddenly 
disappeared  without  trace. 

v  The  Herbivorous  Dinosaurs. — The  plant-feeding  habit  of  most 
dinosaurs  is  indicated  by  the  bluntly  rounded  or  flattened  ends  or  the 
leaf-shaped  form  of  the  teeth,  which  are  not  at  all  like  the  sharp  flesh- 
cutting  dental  armament  of  the  Carnivores.  All  but  one  group  of  the 
herbivorous  dinosaurs  are  quadrupedal  and  the  toes  are  not  provided 
with  talons.  Relatively  short,  pillar-like  legs  which  are  seen  in  these 
quadrupedal  reptiles  suggest  a  slow,  lumbering  gait.  Such  legs  are 
necessary  for  support  of  the  ponderous  body  and  they  serve  adequately 
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for  transport  at ion  from  phirr  to  phnv  in  sramnj;  plant  foraged)  Thenn 
Jimbs  are  most  untsuitcd  for  a  beast  of  prey,  however.  A  few  dimming 
dinosaurs  appear  to  have  had  webbed  feet. 

To  the  herbivore  class  belong  much  the  greatest  number,  largest 
variety,  and  the  hugest  of  the  dinosaurs.  Space  permits  us  to  notice 
briefly  only  a  few  of  the  main  types.  (There  are  three  groups  of  the 


FIG.  273. — The  greatest  of  the  flesh-eating  dinosaurs  Tyrannosaurus  rex  ("king  tyrant 
reptile"),  which  lived  in  Late  Cretaceous  time.  (Skeleton  in  American  Museum  of  Natural 
History.  Restoration  by  C.  /?.  Knight,  Field  Museum  of  Natural  History.) 

quadrupedal  dinosaurs:  (1)  unarmored,   (2)  armored,  and  (3)  horned; 
and  one  group  of  bipedal  herbivorous  dinosaurs. 

The  unarmored  quadrupedal  dinosaurs  (sauropods)  are  well  repre- 
sented by  Brontosaurus  (Fig.  274),  skeletal  remains  of  which  arc  found 
in  several  of  the  larger  American  museums.  This  animal  had  a  length 
of  approximately  70  feet  and  an  estimated  weight,  in  life,  of  about  38 
tons.  The  head  is  surprisingly  small,  hardly  as  large  as  some  of  the  single 
vertebrae,  and  the  jaws  are  armed  with  a  row  of  short,  bluntly  rounded 
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teeth?)  ( The  neck  is  long  and  strong'.)   The  back  arches  over  the  body, 

rising  highest  at  the  hips  which  are  massive  and  sturdily  .constructed. 
The  tail  is  somewhat  longer  than  the  neck  and  tapering.  Hf^fie  skeleton 
shows  a  wonderful  adaptation  for  its  functions,  support  of  the  body 
and  movement  in  response  to  muscular  action.)  (The  bones  are  trussed 
and  thickened  at  points  of  stress  but  reduced  wHere  heavy  bone  would  add 
to  weight  without  increasing  strengths  Very  massive  limb  bones,  with 
rough  ends  that  indicate  joints  formed  largely  of  cartilage,  are  interpreted 
to  mean  an  aquatic  or  semiaquatic  life  in  which  the  huge  weight,  partly 
supported  by  water,  did  not  cause  the  mechanical  pressure  at  the  joints 


FIG.  274. — Broritosaurus,  one  of  the  largest  of  the  dinosaurs,   a  quadrupedal  herbivore. 
(American  Museum  of  Natural  History.} 

that  would  exist  in  a  dry-land  animal.  Dinosaurs  of  this  general  type 
are  world-wide  in  distribution.  They  are  best  known  from  the  Late 
Jurassic  of  North  America  and  East  Africa,  and  from  the  Cretaceous  of 
the  western  United  States,  Indja,  and  Argentina.  Some  had  a  total 
length  of  nearly  90  feet.  bBrachiosaurus  from  East  Africa  probably 
exceeded  the  largest  knowfr  Brontosaurus  by  two  or  three  tons,  live 
weight,  and  takes  rank  as  the  greatest  known  land  animal. 

(Armored  herbivorous  dinosaurs  (stcgoMiurians)  made  appearance  in 
the  Early  Jurassic  and,  with  much  variety  of  size,  form,  and  nature  of 
the  protecting  bony  armor,  persisted  <I$o  the  Late  Cretaceous.  One  of  the 
best -known  representatives  of  this  group,  though  a  grotesque  and  non- 
typical  one,  fjs  titeyoxaurus  which  lived  in  Colorado,  Wyoming,  and  else- 
where in  Late  Jurassic  (Morrison)  time.  'This  was  a  most  awkward, 
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ungainly  creature,(some  20  feet  long  and  11  feet  high,  with  strongly  arched 
back,  short  neck  and  tail,  and  very  small  narrow  head..)  (The  most  strik- 
ing features,  however,  are  a  double  row  of  alternating  broad  bony  plates 
that  stood  erect  as  a  crest  along  the  back,  and  on  the  tail  two  pairs  of 
fearful  spines,  2  feet  or  more  in  length^  ^The  plates  along  the  back  are 
roughly  pear-shaped  in  outline,  the  largest  ones,  over  the  hips,  being  2 
feet  high,  2%  feet  long,  and  4  inches  thick  at  the  base.  Embedded  in 
the  skin  are  small  bony  plates.^  Less  bizarre  and  much  more  perfect 
armament  is  seen  in  other  dinosaurs  of  this  class,  as  in  Ankylosaurus  of 
Late  Cretaceous  time.  The  head,  body,  tail,  and  limbs  were  so  protected 


FIG.  275. — One  ot  the  strangest  of  the  dinosaur  line,  the  armored  Stcgosaurus,  of  Jurassic 
and  Cretaceous  age.     (C.  R.  Knight,  Field  Museum  of  Natural  History.') 

by  rows  of  thick  bony  plates  that  it  must  have  been  immune  even  from 
attacks  of  the  tyrannosaur.  Contemporary  with  the  world's  most 
powerful  offensively  armed  animal  we  find  one  of  nature's  nlost  impreg- 
nable defensively  armed  creatures. 

[The  horned  dinosaurs  (ceratopsians)  are  a  development  of  Late  Creta- 
ceous (Judith  River  to  Lance)  times  in  North  America  and  eastern  Asia1. 
They  are  unknown  in  other  periods  or  other  continents.  In  strong 
contrast  with  other  herbivorous  dinosaurs,  Ihese  had  a  relatively  large 
head  with  a  bony  shield  projecting  backward  so  as  partially  to  protect 
the  neck  and  fore  part  of  the  body.N  The  massive  skull,  measuring  up 
to  8]^  feet  in  length,  carried  one,  two,  or  three  strong,  forward-projecting 
horns  consisting  of  bone  sheathed  in  horn.  ;Jn  some  ceratopsians  the 
horns  were  3  or  even  4  feet  long. s  The  front  of  the  mouth  was  armed 
with  a  sharp  cutting  beak  like  that  of  a  turtle.  The  body  was  stout  and 
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barrel-shaped,  the  limbs  moderately  short  and  very  strong,  the  tail 
short.^)  (The  skeleton  suggests  tremendous  prowess  that  was  needed  to 
withstand  attacks  of  bulky,  very  powerful  dinosaur  enemies.  It  is 
clearly  evident  that  the  horns  and  defensive  head  shield  were  put  to  use 
by  these  dinosaurs,  for  fossils  showing  broken  and  healed  horns,  broken 


FIG.  276. — Triceratops,  the  throe-horned  1,-itr  Oftaroous  beaked  dinosaur.  (Skeleton 
in  the  American  Museum  of  Natural  Histori/.  Rmfmalinn  M/  C.  ft.  Knifihl.  Field  .lfr/*?um 
of  Natural  History.} 

jaws,  and  gouged  and  punctXired  shields  are  not  unusual  with  these  skulls. 
The  horned  dinosaurs  were  among  the  last  survivors  of  their  race. 

^Bipedal  herbivorous  dinosaurs  (ornithopods)  have  very  much  the 
appearance  of  their  carnivore  .cousins  but  differ  greatly  in  the  nature  of 
the  teeth.  The  front  of  the  mouth  was  toothless,)the  muzzle  terminating 
in  a  hard,  horny  beak,  but  the  back  of  the  mouth  was  solidly  paved  above 
and  below  by  myriads  of  close-packed  leaf -shaped  teeth".  They  evidently 
formed  a  most  efficient  grinding  apparatus  that  was  probably  used  in 
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crushing  I  he  shells  of  mussels  and  I  he  like  Drubbed  up  in  streams  and 
lakes  as  well  as  on  plants.^  That  these  dinosaurs,)were  at  home  in  shallow 
waters  is  indicated  by  the  laterally  flattened  shape  of  the  tailymuch  like 
the  alligator's  tail,  Ivvhich  serves  as  a  sculling  oar;  als^/the  front  limbs,  at 
least,  appear  to  have  been  webbed.  The  three-  toecrhind  limbs  were 
large  and  powerful.^  ftn  a  few  cases,'  portions  of  the  skin  as  well  as  the 
bones  of  these  dinosaurs  have  been  preserved  in  the  fossil  stated)  (There 
were  thin  scales  and  bony  tubercles,  but  otherwise  the  body  wlis  unpro- 
tected. :  A  remarkable  "dinosaur  mummy"  with  the  skin  nearly  entire, 
drawn  tightly  over  the  bones  is  exhibited  in  the  American  Museum  of 
Natural  History  (Fig.  83).  Death  overtook  this  animal  in  a  desert  area 


^;;^;^ 
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FUJ.  277.  —  Dinosaur  tracks  on  Upper  Triassic  sandstone,  western  Massachusetts. 
The  smoothed  part  of  the  slab  at  the  left  was  under  water,  the  rough  rain-pitted  part  at 
the  right  was  above  water.  Amherst  College  collection.  (IJhoto{ji<i)>h  hi/  Walter  K.  Corbin, 


where  dryness  prevented  rapid  decay  and  drifting  sand  eventually  buried 
the  mummified  remains. 

Dinosaur  Tracks.  In  M-VCTM!  parts  of  North  America  the  wcll-presrrvrd  imprint 
of  dinosaurs'  feet  are  found  in  stratified  rock,  ^enerally  shaly  sandstone,  wliieh  was, 
of  course,  incoherent  sediment  when  the  tracks  were  made.  Especially  famous  are 
places  in  the  Connecticut  River  valley  where  flaggy  sandstone  slabs  of  Late  Triassic 
age  bear  scores  of  clearly  marked  footprints  that  were  made  by  different  kinds  and 
sizes  of  dinosaurs.  Most  of  these  tracks  are  three-toed,  somewhat  like  those  of  a  large 
bird,  and  when  they  were  first  discovered  many  years  ago  they  were  thought  to  ha.ve 
been  made  by  birds.  It  is  a  strange  fact  that,  although  footprints  are  locally  Very 
abundant,  actual  remains  of  dinosaurs  in  the  eastern  Triassic  rocks  are  extremely  rare. 
There  is  no  question,  however,  but  that  the  tracks  were  made  by  dinosaurs.  In  some 
cases  a  known  type  of  dinosaur  can  be  identified  by  its  track  as  well  as  by  skeletal 
remains,  but  frequently  the  track  is  the  only  existing  record  of  the  species  of  dinosaur 
that  made  it.  The  tracks  may  be  described  arid  named  scientifically  as  fossils. 

Dinosaur  Eggs.—  Like  most  other  reptiles  it  is  probable  that  dinosaurs  were 
hatched  from  eggs  that  were  warmed  by  the  heat  of  the  sun.  Indeed,  a  large  number 
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of  dinosaur  eggs  have  been  discovered  by  an  expedition  of  the  American  Museum  of 
Natural  History  in  Mongolia  and  some  have  been  found  in  America  and  Europe. 
These  eggs  are  thin-shelled,  elongate,  and  slightly  less  than  a  foot  in  length.  The 
Mongolian  eggs  are  those  of  a  horned  dinosaur  (Eoceratops)  of  which  specimens  have 
been  found  showing  practically  every  stage  from  newly  hatched  to  adult.  One 
Jurassic  dinosaur  skeleton  is  reported  to  contain  an  embryo  within  the  abdomen, 
indicating  that  some  of  the  dinosaurs,  at  least,  were  viviparous. 

Intelligence  of  the  Dinosaurs. — An  interesting  observation  in  connection  with  the 
study  of  dinosaur  remains  is  the  surprisingly  small  brain  cavity  in  the  skull.  None 
of  these  reptiles  appears  to  have  had  a  brain  that  would  weigh  more  than  2  pounds. 
Imagine  a  great  land  animal  in  which  the  brain  constitutes  but  one  forty-thousandth 
purt!  NlegoxauruB,  which  wtis  heavier  than  any  elephant,  had  a  2  ^£ -ounce  brain, 
about  the  same  in  size  as  that  of  a  three-uceks-old  kitten  and  less  than  one-fiftieth  of 
the  average  elephant  brain.  Moreover,  as  pointed  out  by  Lull,  the  cerebrum,  which 
is  the  seat  of  the  intellect,  was  only  a  minor  part  of  the  small  dinosaur  brain.  The 
nerve  renters  in  the  spinal  cord  of  the  lup  region  were  very  much  larger  than  the  brain. 
All  of  this  points  dearly  to  an  extremely  low  order  of  intelligence  but  a  well-developed 


Fit;.  27S.-  -  A  Mrst  of  13  dinosaur  eggs,  as  discovered  in  rock  matrix  in  Mongolia.     (American 

Museum  of  Natural.  History.) 

nerve  retlex  control  for  movement  of  the  great  muscles.  The  dinosaur  was  a  ponder- 
ous organic  machine  that  responded  mechanically  to  the  stimuli  of  self-preservation 
and  sex. 

\Extinction  of  Dinosaurs.— The  career  of  the  dinosaurs  resembles  that  of  many 
other  kinds  of  life,  a  long  period  of  development  and  differentiation,  temporary 
dominance,  then  dramatically  swift  disappearance.  Dinosaurs  lived  throughout 
Mcsozoic  time  but  none  are  known  from  rocks  of  Tertiary  age},  unless  certain  dinosaur- 
bearing  deposits  of  the  Rocky  Mountain  region  are  finally  shown  to  belong  to  the  basal 
Tertiary  ratherthan  uppermost  Cretaceousjp  Causes  of  t  he  ext  met.ion  of  these  animals 
are  Conjectural^  tit  has  been  suggested  that  the  geographic  and  climatic  changes  at 
ihe  close  of  the  Mesozoic  era  so  modified  environment  that  the  dinosaurs  were  unable 
to  adapt  themselves  to  the  new  conditions.)  yThe  withdrawal  of  the  great  Cretaceous 
seas  and  uplift  of  Jofty  mountains  undoubtedly  brought  about  profound  changes;  but 
there  had  been  similar,  though  lesser,  changes  during  the  life  history  of  the  dinosaur 
raceT)  Moreover,  then1  must  have  been  plent\  of  country  at  the  close  of  the  Mesozoic 
era  \vhere  physical  environment  congenial  t.o  dinosaur*  persisted.  It  has  been  sug- 
gested that  the  rise  of  the  primitive  mammals,  M>me  of  \\hich  imy  have,  learned  to 
prey  on  the  unguarded  dinosaur  eggs,  is  a  possible  factor  in  the  disappearance  of 
these  monster  reptiles  At,  ah\ events  the  dinosaurs  departed  suddenly  and  a  now 
rli.'iplrr  in  the  life  record  began.' 
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Other  Terrestrial  Reptiles 

Besides  dinosaurs,  there  were  many  other  reptiles  of  the  land  in  the  Mesozoic  era. 
The  Triassic  rocks,  especially  in  South  Africa,  have  yielded  many  skeletons,  among 
which  are  the  theriodonts  with  mammal-like  differentiation  of  the  teeth;  and  large- 
tusked  but  otherwise  toothless  "anomodonts."  Common  in  the  Triassic  of  the 
western  United  States  are  several  sorts  of  long-  and  narrow-snouted  crocodilians, 
known  as  phytosaurs,  which  somewhat  resemble  the  modern  crocodiles  and  ga vials. 
Turtles,  lizards,  and  several  other  types  occur,  but  snakes  are  not  certainly  known 
before  the  Cretaceous  period.  The  most  common  reptiles  of  Early  Mesozoic  time 
were  the  thecodonts,  which  were  small,  active  animals  that  tended  to  become  bipedal. 
The  thecodonts  appear  to  be  the  ancestral  stock  from  which  the  dinosaurs,  flying 
reptiles,  and  birds  are  all  derived. 

Marine  Reptiles 

Not  the  least  interesting  of  the  strange  reptiles  that  lived  in  Mesozoic 
times  are  the  aquatic  types.  Possibly  because  of  competition  for  food  on 
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Fio.  279. — Drawing  showing  the  limb  structure  of  three  types  of  aquatic  reptiles. 
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the  land  or  because  of  enemies,  or  perhaps  because  food  was  easier  to 
procure  in  the  waters,  some  of  the  early  reptiles  were  driven  back  to  the 
sea  from  which  their  ancestors  had  emerged.  They  were  handicapped  by 
the  necessity  of  breathing  air  and,  at  least  initially,  by  the  ill-adapted  form 
of  body  and  limbs  for  locomotion  in  a  fluid  medium,  but  this  was  partly 
offset  by  a  superior  mental  capacity.  There  were  at  least  four  major 
reptile  groups  that  invaded  the  Mesozoic  seas  and  came  to  be  very  much 
at  home  in  them.  It  is  certainly  significant  that  each  of  these  different 
groups, -though  preserving  individual  peculiarities,  shows  the  same  type 
of  structural  modifications  in  becoming  adapted  to  an  aquatic  environ- 
ment; and  this  is  true  also  of  various  mammals,  like  the  whale  and  por- 
poise, that  have  taken  to  the  sea,  Let  us  note  the  character  of  these 
adaptations, 
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Rapid  movement  through  water  demands  a  body  contour  that  is 
"  streamlined  "  to  give  minimum  resistance,  and  some  effective  means  of 
propulsion.  Most  of  the  fishes  meet  these  requirements  very  perfectly. 
The  pointed  head  joins  the  body  smoothly  without  intervening  neck  and 
there  is  a  gradual  taper  from  the  mid-part  of  the  body  to  the  tail.  A 
sculling  motion  of  the  tail  region  which  bears  a  vertically  expanded  fin 
pushes  the  fish  swiftly  through  the  water.  The  aquatic  reptiles  likewise 
tend  to  modify  the  form  of  the  body  to  reduce  resistance  and  to  develop 
the  tail  and  limbs  for  swimming.  Modification  of  the  limbs  for  swim- 
ming, as  shown  by  each  type  of  the  aquatic  reptiles,  consists  in  shortening 
and  strengthening  the  upper  limb  bones,  so  thai  the  propelling  thrust 
of  the  paddle  is  brought  near  the  body,  and  in  shortening  and  spreading 
the  bones  of  the  lower  limb.  In  some  cases  there  is  addition  of  phalanges 


FIG.  280. — A  fossil  iohthyosaur  showing  not  only  the  skeletal  structure  but  by  a  carbon- 
aceous residue  the  outlines  of  the  body,  paddles,  and  fins  Jurassic  slates,  Holzmaden, 
Wurttemburg,  Germany.  (American  Museum  of  Natural  History.) 

which  increases  the  length  of  the  flexible  part  of  the  flipper.  This  is  a 
good  swimming  organ  but  of  no  use  on  land.  The  four  main  types  of 
aquatic  reptiles  are  ichthyosaurs,  mosasaurs,  plesiosaurs,  and  turtles. 

Ichthyosaurs,  which  lived  from  Triassic  to  Late  Cretaceous  times, 
attained  a  very  remarkable  external  similarity  to  the  fishes.  The  head 
was  long  and  pointed,  the  jaws  armed  with  sharp  teeth  adapted  for  catch- 
ing prey  but  not  chewing  it;  the  head  joined  the  body  without  a  distinct 
neck;  the  rear  part  of  the  body  tapered  gracefully  to  a  strong  large  tail  fin, 
the  spinal  column  bending  sharply  downward  at  the  front  of  this  fin;  the 
limbs  were  shortened,  flattened  to  a  paddle  shape ;  and  there  was  even  a 
dorsal  fin  that  served  as  a  keel  in  swimming.  Further  marks  of  aquatic, 
adaptation  are  inferred  in  the  circlet  of  bony  plates  in  the  eye  which 
possibly  lends  protection  against  water  pressures.  The  significance  of 
these  bones  is  somewhat  doubtful,  however,  since  similar  ones  occur  in  the 
eye  of  owls.  The  viviparous  birth  of  i  he  yuun»  is  indicated  by  occurrence 
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of  fossilized  immature  ichthyosaurs  within  the  body  of  the  mother. 
The  later  ichthyosaurs  certainly  could  not  have  walked  on  land  and  the 
last  need  for  going  ashore  was  removed  when  the  eggs,  instead  of  being 
laid  in  the  beach  sand,  developed  within  the  mother.  The  gradual 
perfection  of  the  highly  developed  ichythyosaur  adaptations  is  seen  in 
comparing  some  of  the  early  with  later  species.  At  first,  the  limbs, 
modified  as  paddles,  were  the  chief  means  of  locomotion,  the  hind  limbs 
as  large  as  the  fore  limbs,  the  tail  small,  and  the  vertebral  column  nearly 
straight.  Later  the  tail  became  the  chief  propelling  organ,  being  much 
increased  in  size;  the  spinal  column  was  bent  abruptly  downward  at  the 
union  of  tail  and  body;  und  the  limbs,  especially  the  hind  limbs,  were 
reduced  in  size.  Ichthyosaurs  probably  fed  on  fishes  and  at  least  on  some 


FIG.  281. — Plesiosaur  and  ichthyosaurs.      (C.  /?.  Knight,  Field  Museum  of  Natural  History.) 

invertebrates,  for  one  specimen  has  been  found  with  more  than  two  hun- 
dred belemnite  cephalopods  inside  the  skeleton. 

Mosasaurs  are  marine  lizards  that  lived  in  the  Cretaceous  seas.  The 
head  was  long  and  pointed,  the  body  slender,  the  tail  flattened,  and  the 
limbs  paddle-shaped.  The  largest  known  specimens  attained  a  length 
of  about  40  feet.  The  University  of  Kansas  has  recently  secured  a 
giant  specimen  that  will  probably  measure  50  feet  long.  A  peculiar 
feature  of  the  lower  jaws  was  a  double- jointed  arrangement  that  enabled 
these  animals  to  swallow  prey  larger  than  the  normal  gape  of  the  mouth. 
Sharp  recurved  teeth  not  only  lined  the  jaws  but  occurred  on  the  roof  of 
the  mouth.  Numerous  well-preserved  skeletons  of  these  creatures  have 
been  found  in  the  chalk  of  western  Kansas. 

Plesiosaurs  are  another  distinct  group  of  Mesozoic  aquatic  reptiles 
that  appeared  in  Triassic  times  with  imperfectly  adapted  form,  culmi- 
nated in  the  Jurassic,  and  persisted  into  the  Late  Cretaceous.  Their 
chief  characteristics  were  a  small  head  and  long  neck  (up  to  76  vertebrae), 


LIFE  OF  ME8OZO1C  TIME  477 

a  nhorl,  broad,  turtle-shaped  body,  and  large  powerful  flippers  which 
furnished  locomotion.  Plesiosaurs  with  a  long  head  and  rather  short 
neck  are  known  (Trinacromerum) ,  but  these  are  an  exception  to  the  rule. 
In  general,  the  larger  plesiosaurs  had  a  length  of  about  20  feet,  but 
Elasmosaurus  from  the  Kansas  Cretaceous  had  a  neck  22  feet  long  and  a 
total  length  of  more  than  40  feet.  The  form  of  these  animals  certainly 
seems  inferior  to  that  of  the  ichthyosaurs  and  mosasaurs  as  an  adaptation 
to  marine  life,  but  the  limbs  are  perfectly  modified  into  oars.  Generally 
speaking,  the  tail  is  a  better  swimming  organ  than  paddles  and  the 
plesiosaurs  were  probably  much  slower  and  more  cumbersome  swimmers 
than  ichthyosaurs  or  the  majority  of  fishes.  Rounded  and  smooth- 
surfaced  "  gizzard  stones"  have  been  found  with  plesiosaur  skeletons. 

Turtles  are  at  home  in  the  sea  as  well  as  on  land.  The  body  is  rounded 
in  outline  and  flattened  above  and  below.  It  is  encased  in  a  bony  and 
horny  sheath,  but  in  aquatic  forms  the  bone  tends  to  be  reduced.  Flip- 
pers furnish  the  means  of  swimming.  A  giant  marine  turtle  (Archelori) 
from  the  Cretaceous  had  a  length  of  1 1  feet  and  a  width  across  the  front 
flippers  of  12  feet. 

Flying  Reptiles 

Some  of  the  Mesozoic  reptiles  learned  to  fly  and  became  eventually 
highly  modified  for  life  in  the  air.  One  group,  called  pterosaurs,  devel- 
oped a  batlike  form;  another  gave  rise  to  the  birds.  How  an  animal 
gradually  acquires  a  new  mode  of  life  and  the  accompanying  necessary 
changes  of  body  as  radical  as  that  in  taking  from  the  earth  to  the  air  is  a 
problem  that  is  not  solved.  Probably  the  first  step  is  a  development 
from  jumping  in  which  the  upraised  limbs  give  a  slight  support  in 
the  air  and  this  leads  to  gliding.  The  flying  squirrel  really  takes  long 
jumps,  gliding  in  the  air  on  outgrown  skin  between  body  and  limbs. 
From  gliding  to  flying  is  a  step  that  depends  on  further  development 
of  a  supporting  mechanism  and  on  learning  how  to  use  it  for  sustained 
flight.  If  these  are  the  lines  of  evolution,  it  yet  remains  to  explain  why 
and  how  the  required  structures  of  the  body  are  produced  to  accompany 
the  changed  habits. 

In  any  case,  there  is  evidence  among  pterosaurs  of  the  very  perfect 
acquisition  of  the  ability  to  fly.  This  is  seen  in  the  extreme  elongation 
of  the  bones  of  the  arm  and  one  of  the  fingers  to  support  a  wing  mem- 
brane, and  also  in  the  general  lightening  of  the  bones  of  the  skeleton. 
The  limb  bones  are  hollow  and  air-filled  as  in  birds.  The  wing  of  the 
pterosaurs  differed  from  that  of  the  bats  in  using  only  a  single  digit,  the 
fourth  finger,  instead  of  four  fingers.  The  power  of  sustained  flight  is 
also  indicated  by  the  occurrence  of  skeletons  associated  with  marine 
animals,  far  from  any  existing  land  of  the  time  when  they  lived.  In 
size  the  flying  reptiles  ranged  from  that  of  a  sparrow  to  the  greatest  01 
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nature's  denizens  of  the  air,  past  or  present,  for  the  late  Cretaceous 
Pteranodon  found  in  the  chalk  beds  of  western  Kansas  attained  a  wing 
spread  of  more  than  26  feet.  Yet  the  bones  of  even  this  huge  pterosaur, 
made  heavy  by  fossilization,  weigh  hardly  5  pounds.  Its  head  bore  a 
very  long,  sharp-pointed  beak  and  also  a  nearly -equally  long  bony  crest, 
giving  a  most  peculiar  pickax-like  appearance  which  was  unlike  other 
flying  reptiles  (Fig.  2714).  Some  pterosaurs  had  long  tails,  while  others 
appear  to  have  been  tailless.  Pterosaurs  first  appeared,  as  far  as  repre- 
sented by  known  fossils,  in  the  Late  Triassic,  and  they  persisted  until 
the  Late  Cretaceous. 


FIG.  282. — Skeleton  of  a  flying  reptile  (pterosaur)  as  discovered  on  bedding  plane  of  Juras- 
sic beds.      (American  Museum  of  Natural  History.} 

Birds 

The  oldest  known  fossil  birds  are  pigeon-sized  creatures  known  as 
Archaeopteryx  and  Archaeornis,1  practically  complete  skeletons  of  which 
are  found  in  the  Upper  Jurassic  limestone  of  Solnhofen,  Germany. 

The  one  distinguishing  feature  of  birds  is  the  possession  of  a  body 
covering  of  feathers.  Feathers  aro  really  marvelously  complex,  highly 
modified  scales,  which  not  inappropriately  have  been  called  "nature's 
masterpiece/'  Archaeopteryx  and  Archaeornis  are  birds  because  they 
had  feathers.  Otherwise  these  animals  would  certainly  have  been  classed 
as  reptiles.  There  is  no  birdlike  beak;  on  the  other  hand,  the  jaws  bear 
rows  of  sharp  teeth  like  a  lizard.  The  bones  of  the  wing  are  not  birdlike, 
with  two  of  the  three  fingers  fused  together;  instead,  there  are  four  fingers, 

1  Recent  studies  of  the  two  Solnhofen  fossil  birds,  both  formerly  classed  as  Archae- 
opteryx, have  indicated  the  presence  of  differences  deemed  sufficiently  important  to 
warrant  recognition  of  two  distinct  genera.  The  first  discovered  specimen  retains 
the  name  Archaeopteryx,  and  the  other  one  is  named  Archaeornis. 
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all  free,  bearing  claws  and  with  the  same  number  of  joints  as  the  lizard. 
The  tail  is  not  birdlike,  the  feathers  spreading  in  fan  shape  from  a  short 
projection  of  fused  vertebrae;  rather,  it  has  a  long  axis  composed  of 
separate  vertebrae  as  in  the  tail  of  a  lizard,  but  a  feather  diverges  obliquely 
on  the  right  and  left  side  of  each  vertebra.  Archaeopteryx  is  a  reptile 
except  that  it  had  primitive  wings  and  tail  and  a  partial  body  covering  ol 
feathers.  This  combination  of  characters  representative  of  birds  and 
reptiles  is  undoubtedly  significant  as  to  the  ancestry  of  the  birds.  In 


Fia.  283. — The  oldest  known  bird,  Archaeopteryx,  from  the  Jurassic  of  Germany. 

addition,  there  is  indication  of  relationship  between  birds  and  certain 
of  the  dinosaurs  and  the  pterosaurs.  We  may  conclude  that  the  birds 
and  these  others  are  all  descendants  of  a  single  reptilian  stock  and  that 
the  birds  began  to  develop  avian  characteristics  at  least  as  early  as  in 
the  first  part  of  the  Jurassio  period,  or  more  probably  in  Triassic  times. 
There  are  two  other  interesting  Mesozoic  birds,  both  from  Upper 
Cretaceous  rocks.  Hesperornis,  known  by  complete  skeletons  and  by 
impressions  of  its  feathers  in  the  fine-textured  chalk,  was  a  large  swim- 
ming and  diving  bird.  Its  stretched-out  length  from  tip  of  head  to  toes 
was  as  much  as  6  feet.  The  main  mark  of  a  primitive  stage  in  bird 
evolution  is  the  possession  of  a  full  complement  of  sharp,  slightly  recurved 
reptilian  teeth.  Otherwise  this  creature  had  become  as  remarkably 
specialized  for  its  mode^of  life  as  the  modern  penguin.  Hesperornis  had 
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entirely  lost  the  power  of  flight;  indeed,  the  wings  are  so  rudimentary 
that  they  could  not  even  be  used  as  paddles  as  the  penguin  does  in  swim- 
ming. The  feet  were  undoubtedly  webbed  and,  with  the  long  strong 
legs,  were  powerful  in  swimming.  The  joints  at  the  pelvis,  however, 
show  that  the  legs  could  not  be  moved  forward  and  backward  as  is  the 

habit  in  modern  swimming  and 
diving  birds,  but  they  were  moved 
sideward  and  outward.  Such  a 
spraddling  motion  is  so  ill  adapted 
to  walking  on  land  that  we  may 
well  question  whether  Hesperornis 
could  get  about  except  in  the  envi- 
ronment to  which  it  had  become 
fitted.  Another  type  of  bird  whose 
FIG.  284.— Head  of  Archaeoptcryx.  (Kestom-  remains  occur  very  rarely  in  the 

tion  by  G.  Hcilmann.}  ,    .    .  ,,         f        .1      •       . 

beds    containing    the    tossil    just 

described  is  called  Ichthyornis.  This  was  a  much  smaller  bird  with 
very  well-developed,  strong  wings.  In  general  appearance  there  is 
closest  resemblance  to  the  modern  sea  gulls  and  we  may  accordingly 
picture  this  Mesozoic  seabird  as  winging  tirelessly  above  the  widespread 
waters  or  dropping  lightly  to  ride  the  waves  like  a  petrel.  But  Ichthyornis 
also  had  teeth. 


FIG.  285. — Skeleton  of  the  toothed  diving  bird  Hesperornis,  from  the  Cretaceous  chalk 
of  western  Kansas.  The  length  of  the  specimen  is  nearly  6  feet.  (American  Museum  of 
Natural  History.} 

There  is  a  very  wide  gap  between  Archaeopteryx  of  Jurassic  age  and 
these  Cretaceous  birds.  In  spite  of  the  fact  that  all  have  teeth,  like  their 
reptilian  ancestors,  there  is  really  a  greater  difference  in  these  early  and 
late  Mesozoic  birds  than  between  the  latter  and  modern  birds.  It  is' 
clear  not  only  from  the  general  scarcit  y  of  fossil  birds  but  much  more  from 
the  specialized  character  of  the  Cretaceous  birds  that  happen  to  have 
been  discovered  that  the  fossil  record  of  the  birds  is  very  incomplete. 
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Mammals 

Completion  of  our  hasty  scanning  of  the  Mesozoic  chapter  of  life 
requires  consideration  of  the  mammals,  the  stock  to  which  man  and  the 
higher  animals  of  the  present  belong.  Remains  doubtfully  classed  as 
mammalian  are  found  in  the  Triassic,  while  more  definitely  recognizable 
primitive  mammals  occur  in  the 
Jurassic  and  Cretaceous  rocks.  They 
consist  of  teeth,  lower  jaws,  and 
fragmentary  parts  of  the  skeleton,  all 
of  which  show  that  these  animals  were 
diminutive,  rather  insignificant  crea- 
tures. Two  groups  may  be  distin- 
guished: (1)  herbivorous  forms  with 
several  tubercles  on  the  teeth  (mul- 
tituberculates),  and  (2)  probably  insec- 
tivorous mammals,  smaller  than  the 
first  group  and  having  sharp-cusped 
teeth. 

The  multituberculates  appeared  in  the 
Late  Triassic  and  persisted  to  Eocene  time. 
They  are  the  most  abundant  and  apparently, 
therefore,  the  most  successful  type  of 
Mesozoic  mammals.  There  is  no  evidence  to 
show  that  they  are  ancestral  to  later  kinds 
of  mammals  and  it  is  very  possible  that  their 
origin  among  mammal-like  reptiles  is  different 
from  that  of  the  other  Mesozoic  mammals. 
Probably  they  were  egg  layers,  but  of  this 
there  is  no  proof.  of 


Early  type  of  mammal -like  reptile 


Later  type  of  mammal -like  reptile 


Opossum  -  a  primitive  type  of  mammal' 

FIG.  286.— Comparison  of  the  skulls 
two   types  of  mammal-like  reptiles 


The  sharp-cusp-toothed  mammals  of  prob-    and  of  a  primitive  type  of  mammal. 


(After  Gregory,  from  K.  F.  Mather,  Sons 
of  the  Earth,  W.  W.  Norton  &  Company, 
Inc.) 


able  insectivorous  habits  were  small  shrew- 
like  creatures  that  appear  to  include  the 
ancestors  of  the  mammals  of  Cenozoic  time. 
Most  important  are  the  trituberculates  which  are  known  from  the  Late  Jurassic 
rocks  of  England  and  Wyoming  and  from  the  Late  Cretaceous  beds.  Several  primitive, 
tiny  opossums  occur  in  Cretaceous  deposits  of  North  America. 

What  little  is  known  of  the  brains  of  Mesozoic  mammals  indicates  that  intelligence 
was  low  as  compared  with  later  mammals,  but  it  was  higher  than  that  of  any  of  the 
reptiles.  It  is  certain  that  the  mammals  did  not  offer  serious  competition  to  the 
reptilian  rulers  of  the  Mesozoic  world.  Nevertheless,  the  mammalian  line  persisted, 
became  gradually  stronger,  and,  coincident  with  the  decline  of  the  dinosaurs,  began  to 
expand  sharply  and  to  branch  out  in  many  directions.  The  rise  of  the  mammals  to 
rulership  of  the  lands  is  the  main  theme  of  the  next  following  chapter  in  the  history 
of  life. 

Amphibians 

The  beginning  and  rise  of  amphibians,  the  lowest  type  of  land  verte- 
brate, has  been  described  in  the  chapter  on  Late  Paleozoic  life.  The 
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Permian  types  almost  wholly  disappeared  by  the  close  of  that  period  and 
a  number  of  related  new  ones  make  appearance  in  the  Triassic.  There- 
after the  amphibians  sink  to  a  place  of  little  importance.  The  early 
Mesozoic  amphibians  belong  chiefly  to  the  broad  and  heavy-skulled 
labyrinthodonts,  some  of  which  wore  more  than  14  feet  long.  Their 
bodies  were  bulky,  the  tails  short  and  stumpy,  and  the  legs  so  short  that 
it  seems  they  could  hardly  have  carried  the  body  without  dragging  it  on 
the  ground.  It  is  probable  that  the  weight  of  the  body  was  buoyed  up 
in  the  water  most  of  the  time.  These  large  amphibians  did  not  persist 
beyond  the  Triassic.  The  first  of  the  batrachians  (frogs  and  toads) 
appeared  in  the  Jurassic  period,  and  the  first  urodeles  (" salamanders ") 
in  the  Early  Cretaceous. 

Fishes 

Practically  all  groups  of  known  fishes  are  represented  by  fossils 
found  in  Mesozoic  rocks.     The  appearance  of  the  majority  is  distinctly 


FIG.  287. — Semionotus,  a  common  fresh-water  type  of  Triassic  fish,  about  12  inches  in 
length.      (Ward's  Nat.  Sci.  Estab.) 

more  like  that  of  modern  types  and  the  structural  character  of  the  skele- 
ton, scales,  and  fins  trends  strongly  toward  those  dominant  today. 
Especially  important  is  the  introduction  of  the  teleosts,  or  true  bony 
fishes,  which  include  approximately  90  por  cent  of  living  kinds  of  fishes. 

Description  of  the  evolution  of  the  Mesozoic  fishes  in  detail  is  not  appropriate  here, 
partly  because  of  the  technical  terminology  and  the  multiplicity  of  features  that  are 
involved  and  partly  because  the  fishes  are  greatly  overshadowed  by  interest  in  the 
higher  vertebrates  of  the  lands  and  seas,  especially  the  reptiles.  Moreover,  fish 
remains  are  generally  less  important  as  index  fossils  than  either  invertebrates  or 
reptiles. 

The  Triassic  strata  of  the  Atlantic  Coast  region  have  yielded  an  interesting 
assortment  of  well-preserved  fish  fossils  which  show  the  regularly  arranged  rhombic 
scales  of  the  body,  the  fins,  and  the  plates  of  the  head,  but  reveal  little  of  the  partially 
ossified  skeleton.  The  fishes  lie  on  their  side  and  are  flattened  to  paper  thinness  on 
bedding  planes  of  the  rock.  Jurassic  fishes  are  very  rare  in  North  America  but  are 
not  uncommon  in  Europe. 

The  Cretaceous  marine  deposits  of  the  United  States  contain  fairly  abundant  fish 
remains.  Shark  teeth  of  various  sorts,  some  sharply  pointed  like  those  of  modern 
sharks  and  others  broadly  flattened  for  crunching  and  grinding,  are  collected  from 
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many  outcrops  of  shale  and  chalk.  Fish  sen  Irs  ;u<i  common  fossils  in  many  Cretaceous 
beds  and  are  especially  characteristic  of  some.  A  few  types  are  as  much  as  an  inch  in 
diameter.  The  long  bony  fin  spines,  vertebrae,  and  whole  fossils  showing  scales  and 
fins  or  preserving  the  complete  bony  skeleton  are  found.  Some  of  these  fishes,  as 
PortheuSy  attained  a  length  of  15  feet  and,  as  indicated  by  the  numerous  large  pointed 
teeth,  were  fiercely  predaceous  in  habit. 

Some  of  the  main  features  in  the  Mesozoic  history  of  the  fishes  appear 
to  be  (1)  the  dominance  in  fresh  waters  of  the  "ray-finned"  bony  fish 
(actinopterygians),  which  are  types  leading  to  the  teleosts,  (2)  the  inva- 
sion of  the  sea  by  this  group  which  in  Paleozoic  time  appears  to  have  been 
restricted  to  fresh  water,  and  (3)  associated  with  this  marine  adaptation 
of  the  bony  fishes  and  possibly  also  the  appearance  of  abundant  new 
mollusks,  a  revival  of  sharks,  skates,  and  rays,  which  had  nearly  disap- 
peared at  the  close  of  the  Paleozoic  era. 


FIG.  288. — Skeleton  of  the  large  marine  fish  Porthcus,  of  Late  Cretaceous  ago.     Some 
specimens  of  this  fish  are  15  feet  long.     (University  of  Kansas.) 

Cephalopods 

The  most  interesting  of  the  marine  invertebrates  of  Mesozoic  time 
are  the  cephalopods.  They  are  also  one  of  the  most  abundant,  wide- 
spread, and  stratigraphically  important  classes.  The  four-gilled, 
external-shelled  types  are  dominant  and  include  both  nautiloids  with 
simple  sutures  and  ammonoids  with  very  complex  sutures.  The  two- 
gilled  cephalopods  (belemnoids,  sepioids)  with  internal  shell  also  occur 
and  in  some  strata  are  abundant.  They  will  be  described  in  a  later  part 
of  this  chapter. 

Ammonoids.  —The  beginning  of  the  specialization  of  external-shelled 
cephalopods  that  culminated  in  the  exceedingly  complex  Mesozoic 
ammonoids  dates  back  to  the  Silurian  period.  The  development  is 
chiefly  manifested  in  (1)  increasing  complication  of  the  sutures  and  (2) 
external  ornamentation,  but  also  (3)  by  the  form  of  the  shell,  (4)  modifi- 
cations of  the  aperture,  and  (5)  increase  in  size. 

The  sutures  (junction  of  the  shell  partitions  with  the  inner  wall  of 
the  shell)  are  only  moderately  curved  or  angulated  in  the  simplest 
ammonoids.  This  type  was  characteristic  of  the  later  Paleozoic  rocks 
but  some  of  the  ammonoids  of  the  Triassic  are  little,  if  any,  more  advanced. 
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An  increased  number  of  bends  and  angles  in  the  suture  line,  accompanied 
by  a  progressive  complication  in  pattern,  marks  the  development  of 
most  of  the  Mesozoic  ammonoids.  In  many  cases  the  suture  pattern  is  so 
intricate  that  it  is  indeed  difficult  to  trace.  The  diversity  is  amazing, 
but  each  type  of  suture  is  constant  according  to  genus  and  species. 
Because  even  slight  changes  in  the  sutures  are  readily  determinate  and 
with  other  characters  permit  definite  recognition  of  specific  differences, 
these  shells  are  well  fitted  to  serve  as  markers  of  stratigraphic  zones  and 


l<ici.  2SU.-  Tortion  of  the  shell  of  a  very  complexly  sutured  Uretaeeous  ammonite, 
Pachydizcita,  from  Lower  California.  The  space  between  two  adjacent  sutures  has  been 
painted  white  (about  one-fourth  natural  size).  (University  of  Kansas.) 

of  geologic  time.  Because  they  lived  in  enormous  numbers,  were  distrib- 
uted all  over  the  world,  and  underwent  comparatively  rapid  change, 
they  are  excellent  index  fossils. 

External  ornamentation  of  the  ammonoid  shells  consists  of  lines, 
ridges,  nodes,  or  spines,  and  the  variety  of  form  and  arrangement  of  these 
is  very  great.  Some  shells  are  smooth  but  the  vast  majority  carry  some 
sort  of  surface  decoration.  Around  the  outer  margin  or  venter  of  many 
of  the  coiled  shells  is  a  ridge  or  keel;  in  others  there  is  a  groovelike  depres- 
sion; and  in  still  others  this  part  of  the  shell  is  not  differentiated  by  its 
markings. 

The  form  of  ammonoid  shells  shows  much  variation.  All  but  a  few 
types  are  coiled  in  a  plane  but  of  these  some  are  evolute,  all  of  the  whorls 
being  completely  visible  from  the  sides;  others  are  highly  involute,  the 
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outer  whorl  concealing  all  of  the  inner  ones.  The  cross-section  of  the 
shell  ranges  from  very  narrow  and  laterally  compressed  to  very  broad 
and  vertically  flattened.  In  several  families  there  are  genera  with  the 
elevated  spiral  shell  which  is  typical  of  most  gastropods  but  is  abnormal 
among  the  cephalopods.  A  few  specialized,  degenerate  types  have  shells 
with  very  erratic  twists  and  bends.  Others  show  reversion  toward  an 
ancestral  primitive  state  in  the  tendency  to  uncoil  and  even  straighten 
out.  These  peculiar  aberrant  forms  appear  chiefly  toward  the  close 
of  the  career  of  the  various  branches  of  the  ammonoids.  They  are  a 
mark  of  approaching  extinction. 

The  aperture  of  most  ammonoids,  where  known,  is  unconstricted  and 
the  edges  of  the  shell  mouth  are  smooth  or  gently  curved.  In  some, 
however,  the  lateral  margins  are  extended  very  prominently  forward,  or 
the  ventral  portion  of  the  shell  projects  considerably  like  a  beak.  A 
few  of  the  ammonoids,  like  certain  Ordovician  and  Silurian  nautiloids, 
exhibit  markedly  narrowed,  abnormal  apertures,  which  must  be  con- 
sidered as  an  over-specialized  character  presaging  disappearance  of  these 
evolutional  branches.  The  aperture  in  some  genera  was  closed  by  a 
lid  (aptychus). 

The  normal  size  of  the  average  Mesozoic  ammonoid  is  measured  by  a 
few  inches  for  the  diameter  of  the  coiled  shell.  There  are  some  dwarflike 
but  apparently  adult  shells  that  are  less  than  %  inch  across.  On  the 
other  hand,  many  genera  are  characterized  by  robust  size,  with  shells 
more  than  a  foot  in  diameter  and  a  few  attained  gigantic  proportions, 
measuring  5  feet  or  more  across.  If  the  shell  of  one  of  these  mammoth 
forms  could  be  uncoiled,  it  would  measure  not  less  than  20  feet  in  length. 

Study  of  the  distribution  of  ammonite  species  in  the  Mesozoic  rocks 
shows  not  only  that  a  large  proportion  are  restricted  to  a  narrow  vertical 
range,  making  them  valuable  as  index  fossils,  but  that  in  a  broad  way 
the  genera  and  families  of  the  Triassic  are  almost  wholly  distinct  from 
those  of  the  Jurassic,  and  in  turn  those  of  the  Jurassic  from  those  of  the 
Cretaceous.  It  is  as  though  all  but  one  branch  of  a  healthy  tree  were 
suddenly  cut  off  and  all  of  the  branchlets  of  the  remaining  branch  were 
also  pruned  away.  Vigorous  growth  brings  remarkable  development 
of  the  remnant  branch,  however,  and  a  multitude  of  new  branches,  large 
and  small,  springs  out  from  it.  Again  the  tree  is  cut  back,  and,  though  a 
few  hardy  portions  struggle  on  with  fitful  promise,  in  the  end  they  all 
sicken  and  die.  Of  more  than  2,600  known  Triassic  ammonoid  species, 
none  continued  into  the  Jurassic  and  the  host  of  later  species  and  genera, 
quite  as  numerous  as  those  of  the  Triassic,  were  derived  from  a  single 
surviving  small  group. 

The  abundance,  variety,  and  complexity  of  the  evolutional  modifi- 
cations of  the  ammonoids  during  the  heyday  of  their  development  in 
Mesozoic  time,  followed  by  the  rapid  decline  and  utter  extinction  of  so 
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prolific  a  stock,  constitute  a  truly  remarkable  chapter  in  the  record  of 
life  on  the  earth.     It  is  paralleled,  however,  by  the  history  of  various 


FIG.  290. — Representative  typ<>n  of  Triassic,  and  Jurassic  roplitilopodH   (nhouf   one-third 

natural  size). 

other  classes  of  animals  and  plants  that  more  or  less  slowly  advanced  to 
a  certain  point,  then  expanded  almost  explosively  to  a  wonderful  peak, 
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only  to  decline  to  a  pitiful  roinnnnl  of  their  former  greatness,  or  to  vanish 
entirely.  This  seems  to  be  one  of  the  lessons  of  life— adolescence,  adult 
virility,  senility,  death.  Clhmx  is  followed  by  swift  denouement  and 


FIG.  291. — Representative  types  of  Cretaceous  cephalopoda  (about  one-third  natural  size). 

the  play  is  ended.  The  fall  of  the  curtain  is  preceded,  on  the  one  hand, 
by  appearance  of  overspecialization  and  exaggeration  that  produce 
freaks  and  caricatures;  on  the  other,  by  degeneracy  that  reverts  to 
primitive  characters. 
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Nautiloids. — Although  almost  completely  overshadowed  by  the  host 
of  ammonoids,  the  simpler  external-shelled  cephalopods,  the  nautiloids, 
were  not  rare  in  Mesozoic  seas.  Most  of  them  were  tightly  coiled  and 
deeply  involute  like  the  modern  nautilus,  and  some  attained  a  diameter  of 
more  than  12  inches.  There  is  a  distinct  tendency  in  some  toward 
complication  of  the  sutures,  such  as  marked  the  ammonoid  branch,  but 
this  did  not  proceed  farther  than  development  of  a  few  rounded,  though 
well-defined,  inflections  (lobes  and  saddles). 

Belemnoids. — The  two-gilled  (dibranchiate)  cephalopods,  to  which 
belong  the  modern  squids,  cuttlefishes,  and  octopuses,  are  interesting 
creatures  that  boast  a  respectably  ancient  lineage,  but  the  importance  of 
their  geological  record  is  much  less  than  that  of  their  cousins,  the  ammo- 
noids and  nautiloids.  And  among  the  dibranchiates  we  are  almost 
entirely  concerned  with  those  called  belemnoids  (see  Fig.  122). 

The  body  of  the  belemnoid  is  elongated,  cylindrical,  and  pointed  at 
the  posterior  end.  The  head  bears  a  circlet  of  10  powerful  muscular 
tentacles,1  the  inner  sides  of  which  are  armed  with  rows  of  little  hooks. 
The  abdomen  contains  besides  the  viscera  a  rather  large  sac  called  the 
ink  bag,  for  it  is  filled  by  an  extremely  opaque  brownish-black  fluid  that 
cart  be  ejected  at  will  by  the  animal  so  as  to  form  a  dense  cloud  in  the 
water  and  conceal  retreat.  This  ink  bag  is  sometimes  represented  in 
fossils  by  a  dark-colored  carbonaceous  residue. 

The  shell  of  the  belemnoids  is  internal  and  consists  of  three  parts: 
(1)  a  chambered  cone  that  somewhat  resembles  a  simple,  straight-shelled 
nautiloid,  (2)  a  delicate  shoehorn-like  projection  extending  forward  from 
the  mouth  of  the  cone  on  the  dorsal  side,  and  (3)  a  solid  cigar-shaped 
piece  that  fits  around  the  pointed  end>  of  the  cone  and  extends  some  dis- 
tance beyond  it.  It  is  this  last,  called  the  guard  or  sheath,  that  is  most 
commonly  found  as  a  fossil.  It  shows  a  fine  prismatic,  radiating  struc- 
ture around  the  long  axis. 

Most  common  and  widespread  of  the  belemnoids  are  specimens  of  the 
genus  Belemnites  and  its  close  relatives,  of  which  more*  than  350  species 
are  known  from  Jurassic  and  Cretaceous  rocks.  In  some  strata,  shells 
of  this  type  occur  by  the  millions,  and  they  are  known  all  over  the  world. 
The  name  belemnite  was  first  used  nearly  four  hundred  years  ago  by 
Agricola;  it  means  thunderbolt  and  refers  to  the  fancied  resemblance  of 
these  fossils  to  the  weapons  of  the  gods. 

Pelecypods 

These  bivalved,  bottom-dwelling  mollusks  have  been  noticed  in  our 
survey  of  the  life  characteristics  of  the  Paleozoic  periods.  They  were 
then  common  locally,  varied  in  form  but  altogether  a  conservative,  rela- 

1  Evidence  of  eight  arms  only  is  found  in  fossils.  The  two  others,  as  in  certain 
modern  dibranchiatra,  were  probably  longer  than  the  rest  and  without  hooks. 
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Fio.  292. — Fossil  oyatera  and  related  pclecypodd  of  Mesozoic  age  (two-fifths  natural  siae). 
Most  of  these  shells  are  good  index  fossils. 
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FIG.  293. — Representative  types  of  Mesozoic  pelecypods,  excepting  the  oyster  group  (about 

one-third  natural  size). 
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tively  simple  class  of  animals  that  was  distinctly  secondary  in  importance 
as  an  element  in  the  faunas.  A  gradual  but  marked  change  is  seen  among 
pelecypods  of  Mesozoic  times.  Many  of  the  ancient  types  lived  on  into 
this  era  but  the  majority  of  species  acquired  a  higher  type  of  structure 
as  indicated  in  the  more  complexly  specialized  hinge  teeth  and  other 
features,  and  the  actual  and  relative  numbers  gave  them  a  much  more 
prominent  place  in  the  life  assemblage.  Several  distinct  groups  became 
important.  Some  were  beautifully 
ornamented;  some  developed  a,  more 
peculiar  and  strangely  specialized 
form  than  any  other  known  pelecy- 
pods; and  some  attained  a  huge  size 
that  probably  exceeds  all  others  of 
this  class.  Only  a  few  of  the  chief 
types,  however,  can  be  described  here. 
One  of  the  most  important  groups 
was  that  of  the  oyster  (Ostred)  and 
its  allies.  The  first  oysters  had 
appeared  in  Carboniferous  time  but 
during  the  Mesozoic  they  expanded 
remarkably  and  were  much  more 
important  than  today.  Distinguish- 
ing features  of  the  oyster  family 
are- the  distorted  form  and  unequal 
size  of  the  two  valves  which  results 
from  the  cementation  of  the  shell  to  FIG  294_A  hi^  8pecialiied 

foreign      Objects      during      part     Or     all    seasile  pelecypod  of  coral-like  form,  from 

of  the  life  of  the  animal,  the  presence  ^^J^8'  (W'  S*  Adkin8'  University 
of  only  one  instead  of  two  muscles 

to  hold  the  valves  together,  and  the  absence  of  distinct  hinge  teeth.  The 
larger,  deeper  valve  is  beneath  and  the  smaller,  generally  nearly  flat 
opposite  valve  is  above,  fitting  over  the  other  like  a  lid.  Some  of  the 
Mesozoic  oysters  were  not  unlike  modern  kinds,  but  there  is  a  tendency 
toward  radiating  ribs  or  plications.  Two  members  of  the  oyster  family 
that  were  especially  abundant  and  important  horizon  markers  in  the 
Jurassic  and  Cretaceous  rocks  are  Gryphaea  and  Exogyra.  Some  speci- 
mens of  these  had  a  shell  in  the  lower  valve  nearly  2  inches  thick.  The 
little  ram's  horn  Exogyra  (E.  arietina),  which  marks  a  zone  near  the  top 
of  the  Lower  Cretaceous,  has  a  spirally  twisted  larger  valve.  In  places 
the  oyster  shells  of  each  of  these  types  are  so  numerous  that  rock  layers 
several  feet  thick  are  mainly  composed  of  them,  and  when  the  strata 
disintegrate  the  ground  may  be  literally  blanketed  with  fossil  shells. 
One  of  the  most  common  and  widely  distributed  pelecypods  in  some 
of  the  Cretaceous  formations  is  called  Inocemntus.  The  shell  is  rounded 
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in  outline  and  marked  by  prominent  concentric  grooves  and  ridges,  A 
few  species  attained  gigantic  size,  measuring  3  or  4  feet  across.  Like 
Gryphaea  and  Exogyra  they  include  many  good  index  fossils. 

The  subtriangular  shells  of  Trigonia,  distinguished  commonly  by 
ornamentation  of  nodes  or  ribs  that  differ  in  the  anterior  and  posterior 
portions  of  the  shell,  arc  characteristic  of  Mesozoic  formations.  They 
are  relatively  most  prominent  in  rocks  of  the  Jurassic  system. 


FIG.  295. — Some  types  of  Cretaceous  gastropods. 

In  the  middle  and  especially  the  late  part  of  Mesozoic  time  there 
developed  some  of  the  strangest  and  most  peculiarly  specialized  of  known 
pelecypods.  These  are  the  Chamacea,  which  have  an  exceptionally 
strong  spiral  growth  of  the  very  unequal  valves  (Fig.  294),  and  the  rudi- 
stids,  which  have  the  form  of  a  horn  coral  covered  at  the  top  by  a  nearly 
flat  lid  (Durania,  Fig.  293).  The  shell  walls  of  the  latter  may  be  exces- 
sively thick  and  the  height  of  the  coral-like  lower  valve  more  than  2  feet. 
The  abnormal  features  of  these  pelecypods  are  evidently  the  result  of  a 
sedentary,  fixed  mode  of  growth  on  the  sea  bottom  where  (hey  generally 
lived  in  closely  crowded  colonies,  the  remains  of  which  may  form  thick 
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beds  of  limestone.  The  chamacean  and  rudistid  pelecypods  abound  in 
the  warmer-water  deposits  of  Cretaceous  time  and  they  mark  an  evolu- 
tional offshoot  that,  except  for  one  or  two  of  the  more  conservative  types, 
did  not  survive  into  the  Cenozoic. 

Fresh- water  mussels  (Unio  and  others)  are  common  in  some  of  the 
Mesozoic  continental  formations. 

Gastropods 

Gastropods  are  a  common  but  not  a  dominant  element  in  the  inverte- 
brate life  of  the  Mesozoic.  Many  of  the  species  belong  to  well-established 
families  that  date  back  to  Early  Palezoic  times,  but  a  very  large  number 
of  new  families  representing  the  more  advanced  biological  orders  are 
introduced  during  the  era.  The  latter  are  characterized  externally 
by  various  ornamental  features,  but  especially  by  the  presence  in  many 
of  a  tubelike  elongation  of  the  shell  in  front  of  the  aperture,  that  is,  at 
the  end  of  the  shell  opposite  to  the  spire,  for  accommodation  of  a  siphon. 
Species  of  gastropods  belonging  to  the  pulmonate,  or  air-breathing  group, 
are  known  in  some  Mesozoic  continental  deposits.  Many  of  the  Meso- 
zoic gastropods  are  useful  index  fossils. 

Echinoderms 

Echinoids. — The  sea  urchins  or  echinoids,  which  are  common  on  parts 
of  the  shallow  sea  bottom  today,  were  represented  by  archaic  types  in 
the  Paleozoic  era.  During  Mesozoic  time  they  began  the  climb  toward 
their  present  position  of  prominence.  Fossil  echinoid  remains  are  very 
abundant  and  widespread,  especially  in  the  Jurassic  and  Cretaceous 
rocks.  Since  the  main  characters  of  these  animals  have  not  been  dis- 
cussed previously,  they  may  be  described  here. 

The  echinoids  are  distinguished  from  other  echinoderms  by  the  general 
form  and  plan  of  their  shell,  but  especially  by  the  covering  of  the  shell 
by  innumerable  movable  spines.  In  one  large  group  of  echinoids  the  shell 
is  a  slightly  flattened  globe  with  a  moderately  large  opening  for  the 
mouth,  centrally  located  on  the  under  side,  and  a  small  anal  aperture 
near  the  center  of  the  dorsal  side.  The  shell  is  composed  of  20  columns 
of  plates  arranged  in  double  rows,  five  of  the  pairs  of  rows  containing 
specialized  perforated  plates  (ambulacra)  through  which  the  delicate 
"tube  feet"  or  tentacles  that  are  used  in  locomotion  or  for  respiration 
are  protruded.  The  spines  vary  greatly  in  size  and  there  may  be  two  or 
three  orders  of  sizes  on  the  same  shell.  They  have  a  socket-like  hollow 
at  the  base  which  articulates  with  a  rounded  tubercle  on  the  plates  of 
the  shell  and  is  movable  by  muscle  fibers  that  are  attached  slightly  above 
the  base.  The  function  of  the  spines  is  to  support  the  test,  to  aid  in 
locomotion,  and  to  serve  as  a  means  of  defense.  Within  the  mouth  of 
most  echinoids  is  a  masticatory  apparatus  known  as  Aristotle's  lantern. 
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A  second  group  of  echinoids  is  distinguished  by  thq  more  or  less 
irregular  outline  of  the  shell  which  in  a  large  number  of  species  Is  heart- 
shaped,  by  the  excentric  position  of  the  mouth  and  anus,  and  in  part  by 


Fio    290. — Representative  types  of  Cretaceous  echinoids.      (W.  »S.  Adkina,   University  of 

Texas.} 

modification  of  the  ambulacral  areas  into  petal-shaped  spaces  on  the 
dorsal  side  of  the  shell. 


FIG.  297. — A  small  portion  of  a  slab  covered  with  specimens  of  the  free-swimming 
Cretaceous  crinoid  Uintacrinus.     From  the  chalk  of  western  Kansas  (one-fourth  natural 

size) . 

The  Mesozoic  history  of  the  echinoids  records  (1)  the  rapid  increase 
in  numbers  and  variety,  and  (2)  the  progressive  specialization  of  each 
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group,  (a)  the  regular  echinoids  toward  increased  spinose  ornamentation, 
in  some  cases  with  very  peculiar  spine  development,  and  modification 
of  the  ambulacra,  and  (6)  the  irregular  echinoids  toward  increased 
eccentricity  of  position  of  mouth  and  anus  and  a  marked  bilateral  instead 
of  radial  symmetry.  Many  echinoid  species  are  important  index  fossils. 

Crinoids. — The  Mesozoic  crinoids,  like  the  corals,  are  more  like  those  of  the  present 
than  any  of  the  hosts  that  lived  in  Paleozoic  time.  Excepting  one  genus  that  per- 
sisted in  the  Triassic,  all  of  the  Paleozoic  kinds  of  crinoids  had  disappeared  before  the 
close  of  the  Permian.  A  new  order,  the  Articulata,  which  includes  the  Mesozoic  and 
modern  crinoids,  appeared  in  the  Triassic.  Some  of  the  Mesozoic  crinoids  were  very 
widely  distributed  but  only  locally  were  they  common. 

The  most  interesting  fossils  of  this  class  in  the  Jurassic  rocks  are  specimens  of 
Pentacrinus,  which  show  in  some  cases  20  feet  or  more  of  the  stem,  bearing  closely 
crowded  branchlets  (cirri)  and  the  complete  calyx  with  attached  arms,  which  form  a 
crown  measuring  as  much  as  3  feet  in  height  and  width.  It  has  been  estimated  that 
the  entire  length  of  stem  in  some  Pentacrinus  individuals  may  have  been  more  than 
50  feet,  exceeding  greatly  any  other  known  crinoid.  The  separated  stem  segments, 
like  small  five-pointed  stars,  are  not  uncommon  in  American  Jurassic  marine  strata, 
but  well-preserved  crowns  that  are  exhibited  in  many  of  our  museums  come  from 
Europe. 

An  equally  striking  but  very  different  kind  of  crinoid  is  Uintacrinus  of  Cretaceous 
age.  This  was  one  of  the  free-swimming  stemless  crinoids  known  as  comatulids.  Its 
globular  calyx  is  but  a  few  inches  in  diameter  but  its  arms  may  be  as  much  as  4  feet 
long,  considerably  greater  than  in  any  other  crinoid.  Uintacrinus  is  known  in  Eng- 
land, Germany,  France,  Australia,  and  western  America,  especially  in  Kansas,  from 
which  the  most  remarkable  specimens  come.  These  are  found  on  thin  sheets  of 
limestone,  the  surface  of  which  is  crowded  as  closely  as  possible  with  beautifully 
preserved  individuals  with  arms  attached.  -Another  stemless  crinoid  that  is  charac- 
teristic of  Cretaceous  time  is  Marsupites. 

Brachiopods 

This  class  of  shelled  animals  which  had  been  so  abundant  and  varied  in  the  seas 
of  Paleozoic  times  is  almost  pitifully  reduced  in  the  Mesozoic  era,  although  locally 
there  were  very  numerous  individuals  belonging  to  a  few  species.  The  most  important 
persisting  types  were  smooth-shelled  and  more  or  less  simple  in  outline  (Terebratu- 
lacea).  They  are  characterized  especially  by  the  nature  of  the  internal  calcareous 
support  for  the  brachia  which  is  in  the  form  of  a  loop.  Angularly  plicated  shells  with 
pointed  beaks  and  without  calcified  brachial  supports  (Rhynchonellacea)  are  also 
common  locally.  The  spire-bearing  brachiopods  (Spiriferacea)  were  represented  by 
a  few  forms  that  lasted  until  Early  Jurassic  time,  but  the  great  host  of  these  shells  is 
restricted  to  the  Paleozoic.  Lastly  there  were  the  very  simple,  thin-shelled  calcium 
phosphate  types  like  Lingula,  which  has  persisted  practically  unchanged  from  very 
early  Paleozoic  time  down  to  the  present  day.  Altogether  the  brachiopods  of  the 
Mesozoic  are  a  declining  race,  but  it  is  interesting  to  observe  that  the  kinds  that 
survived  the  changes  of  closing  Paleozoic  time  are,  in  the  main,  the  simple  and  con- 
servative in  structure,  neither  highly  specialized  nor  degenerate,  and  some  of  these 
have  been  able  to  adapt  themselves  to  the  varying  conditions  of  later  geologic  history. 

Bryozoavs 

The  abundant  Paleozoic  bryozoans  belong  chiefly  to  two  orders  which  are  restricted 
to  that  era,  Those  of  the  Mesozoic.  and  also  of  later  time,  belong  almost  wholly  to 
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two  other  orders,  Cyclostomata  and  Cheilostomata,  the  latter  of  which  first  appeared 
in  the  Jurassic.  The  cyclostomes  have  very  simple  cylindrical  tubes  and  rounded 
apertures,  but  the  form  of  the  colonies  is  greatly  varied.  The  cheilostomes,  on  the 
other  hand,  have  a  complex  organization.  In  many  of  them  is  a  mechanism  (com- 
pensation sac)  that  serves  to  extend  the  animal  from  its  little  cell  (zooecium)  and  in  all 
cases  the  cell  aperture  may  be  closed  by  a  movable  lid  (operculum),  the  shape  and 
ornamentation  of  which  is  found  to  be  of  much  value  in  classification.  This  bryozoan 
group  expanded  astonishingly  during  Cretaceous  time  and  has  been  important  ever 
since. 

The  French  paleontologist  d'Orbigny  has  described  more  than  eight  hundred 
species  of  Upper  Cretaceous  bryozoans; 

Crustaceans 

Trilobites  did  not  survive  the  close  of  the  Paleozoic  era,  but  a  great  number  and 
variety  of  other  crustaceans,  some  of  them  surprisingly  like  modern  species,  occur  as 
fossils  in  Mesozoic  rocks. 

Ostracodes  are  very  numerous  in  many  of  the  Mesozoic  strata,  but  they  belong 
almost  wholly  to  types  unknown  in  Paleozoic  rocks.  On  the  other  hand,  a  majority 
of  the  Mesozoic  ostracode  genera  have  persisted  to  the  present  day.  These  fossils 
are  a  valuable  aid  in  identifying  formations  and  zones  encountered  in  wells  that 
penetrate  the  Cretaceoup  rocks  of  the  Gulf  Coast  and  some  other  regions. 

Cirripeds,  the  barnacles,  arc  *f  airly  well-known  in  Cretaceous  beds,  though  seldom 
common  fossils.  Some  of  them  are  much  like  living  species. 

•  Higher  crustaceans  of  many  sorts,  including  the  lobsters,  crayfish,  crabs,  and  other 
kinds,  make  their  appearance  during  the  Mesozoic.  Remarkably  preserved  specimens 
in  which  ail  of  the  appendages  are  complete  occur  in  some  deposits,  especially  the 
famous  Solnhofen  limestone,  of  Jurassic  age,  in  Germany.  An  interesting  group  that 
is  well  represented  in  Jurassic  and  Cretaceous  rocks  is  that  of  the  decapods. 

Insects 

As  now  known  from  a  series  of  wonderful  fossil  insect  collections  of  Pennsylvanian 
and  Permian  age,  many  important  insect  orders  had  been  established  before  the 
beginning  of  Mesozoic  time.  The  best  record  of  insects  in  the  Mesozoic  comes  from 
Jurassic  rocks  in  Europe,  the  Triassic  having  few  and  the  Cretaceous  almost  no  good 
fossils  of  this  sort. 

Besides  cockroaches,  dragon  flies,  and  other  " first  families"  among  the  insects, 
the  Mesozoic  rocks  contain  representatives  of  the  true  bugs  (Hemiptera),  both  terres- 
trial and  aquatic;  the  flies  (Diptera),  with  some  30  Jurassic  species;  butterflies  and 
moths;  the  ants,  wasps,  and  bees;  beetles;  locusts  and  crickets;  plant  lice;  caddis  flies; 
scorpion  flies;  lace  wing  flies;  and  May-flies. 

Protozoans 

The  important  fact  about  fossil  protozoans  during  Mesozoic  time  is  their  abun- 
dance and  great  variety  in  the  Cretaceous  rocks.  The  chalk  and  chalky  limestone 
deposits  of  this  age,  which  are  practically  world-wide  in  occurrence,  contain  multitudes 
of  the  minute  shells  of  Foraminifera.  The  geologic  formations  penetrated  by  drilling 
in  the  oil-field  region  of  Louisiana,  Texas,  and  northeastern  Mexico  are  successfully 
identified  by  study  of  the  shells  of  Foraminifera  washed  from  the  well  cuttings.  In 
this  connection  may  be  noted  the  discovery  at  shallow  depth  in  certain  Gulf  Coast  oil 
wells  of  abundant  Cretaceous  species  of  Foraminifera  mingled  with  Tertiary  species, 
the  age  of  the  rocks  being  evidently  Tertiary.  The  fact  that  the  Cretaceous  types 
are  all  slightly  worn,  while  the  others  are  fresh  and  unmutilated,  supports  the 
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conclusion  that  the  older  shells  were  weathered  and  transport ed  from  some  Cretaceous 
outcrop  and  redeposited  with  shells  of  much  younger  species  that  were  living  at  the 
time. 

Little  is  known  of  protozoans  during  the  Triassic  period.  They  were  fairly  abun- 
dant in  Jurassic  time,  the  majority  of  species  resembling  Cretaceous  forms.  Several 
modern  types  originated  but  not  very  many  kinds  are  known. 

Sponges 

Both  siliceous  and  calcareous  sponges  are  abundant  in  some  of  the  Mesozoic  rocks. 
The  former  occur  in  limestones  but  the  latter  only  in  sandy  or  muddy  sediments 
deposited  in  shallow  near-shore  waters.  This  accords  with  conditions  in  living  species, 
for  the  siliceous  sponges  inhabit  moderately  deep  water,  while  the  calcareous  types 


Fi«.    298. — Some   Cretaceous   colonial    corals   from   Texas    (about    X  2).      (After    Wells.) 

predominate  in  shallow  water.  The  chief  development  of  siliceous  sponges  (especially 
the  lithistid  group)  in  Mesozoic  time  is  seen  in  thick  beds  of  sponges,  highly  varied 
in  kinds,  in  Jurassic  limestones  of  central  Europe  and  again  in  the  Upper  Cretaceous 
of  western,  central,  and  southeastern  Europe.  The  common  occurrence  of  flint  and 
chalcedony  in  many  of  the  Mesozoic  formations,  especially  in  parts  of  the  Cretaceous, 
indicates  that  siliceous  sponges  of  the  more  primitive  sorts  were  also  abundant  and 
important  as  rock  builders,  for  the  separated  skeletal  elements  (spicules)  of  these 
largely  supply  the  silica.  Many  kinds  of  calcareous  sponges  appear  in  the  Triassic 
rocks  of  the  Alps  region,  in  parts  of  the  European  Jurassic,  and  in  the  Cretaceous. 
There  are  sponges  in  the  American  Cretaceous  beds  but  they  are  not  a  prominent 
element  in  the  faunas. 

Coelenterates 

Corals. — The  corals  of  Mesozoic  time  are  similar  to  those  living  in  the  warm 
shallow  seas  of  the  present  day  and  both  of  these  differ  from  the  ancient  Paleozoic 
corals  in  having  a  basic  hexameral  or  sixfold  symmetry.  The  sixfold  structural 


498  THE  MESOZOIC  ERA 

plan  is  very  clearly  seen  in  the  size  and  arrangement  of  the  septa  in  many  genera 
which  show  six  main  septa  and  more  or  less  numerous  subordinate  ones,  but  it  is  more 
obscure  in  others.  Both  single  horn  corals  and  compound,  colonial  types  occur,  but 
the  latter  greatly  predominate.  Most  of  the  genera  are  rather  long-lived,  persisting 
through  two  or  more  of  the  Mesozoic  periods,  and  some  have  lived  from  the  Triassic 
to  the  present. 

In  North  America,  most  of  the  Mesozoic  rocks  contain  few  corals,  partly  because 
marine  deposits  are  restricted,  except  in  the  Cretaceous.  In  Europe,  however,  there 
are  large  numbers  of  reef-building  hexacorals  in  some  of  the  Triassic  formations  of  the 
Alps  region.  Limestones  up  to  4,000  feet  thick,  mainly  composed  of  reef  corals,  are 
found  in  this  area  (Schuchert).  The  Jurassic  is  especially  rich  in  corals  at  very  many 
places  and  they  occur  in  high  latitudes  as  well  as  in  the  equatorial  belts,  indicating 
widespread  warm  waters.  The  Lower  Cretaceous  beds  locally  contain  many  corals 
but  only  in  Holland  and  Denmark  are  they  common  in  the  Upper  Cretaceous.  Maxi- 
mum numbers  and  variety  as  well  as  widest  geographic  distribution  belong  to  Jurassic 
times. 

Hydrozoans. — Two  types  of  hydrozoans  are  represented  among  Mesozoic  fossils. 
One  of  these  consists  of  colonial  polyps  that  secrete  dense  calcareous  layers  at  the  base, 
forming  a  deposit  very  much  like  that  of  the  Paleozoic  stromatoporoids.  Some  of 
these  lime-secreting  hydrozoan  colonies  were  especially  abundant  in  the  Mediterranean 
region  in  Jurassic  time.  The  other  hydrozoan  type  consists  of  jelly  fishes,  which  though 
they  contain  no  hard  parts  are^  known  from  remarkably  perfect  impressions  in  the 
very  fine-grained  lithographic  limestone  of  Jurassic  age  at  Solnhofen,  Germany,  and  in 
some  flinty  concretions  of  Late  Cretaceous  age.  The  Solnhofen  beds  are  famous 
for  the  variety  and  perfection  of  their  fossils,  which  include  in  addition  to  common 
marine  invertebrates,  several  kinds  of  insects,  marine  reptiles,  and,  most  interesting  of 
all,  the  two  only  known  specimens  of  the  earliest  birds  that  have  been  discovered. 

MESOZOIC  PLANTS— THE  AGE  OF  CYCADOPHYTBS 

In  terms  of  plant  life,  the  Mesozoic  era  may  be  called  the  "Age  of 
Cycadophytes,"  because  cy cad-like  plants,  which  are  comparatively 
unimportant  in  modern  floras,  dominated  the  plant  assemblage  of  the 
earth's  Mediaeval  time. 

General  Character  of  Mesozoic  Floras. — Notwithstanding  the  fact 
that  the  plants  of  Mesozoic  time  are  the  direct  descendants  of  Late 
Paleozoic  species  and  that  several  of  the  latter  types  lived  on -essentially 
unchanged  well  into  the  Triassic  period,  the  floras  of  Mesozoic  age  are 
distinctively  new  and  different.  The  dominant  plant  group  was  that  of 
the  palmlike  cycadophytes,  to  be  described  presently,  but  nearly  equal 
in  number  of  species  were  ferns  and  conifers.  Most  of  these  were  short 
or  only  moderately  tall,  so  that  one  of  the  main  contrasts  with  the 
Carboniferous  floras  consists  in  the  absence  of  gigantic  lepidophytes  and 
cordaites.  The  horsetail  family  had  several  generic  representatives, 
among  which  some  of  the  very  early  Mesozoic  forms  were  colossal.  The 
ferns  were  relatively  small,  quite  unlike  the  Paleozoic  vine-  and  treelike 
seed  ferns.  A  common  type  of  early  Mesozoic  fern,  called  Cladophlebis, 
had  its  beginning  in  the  Early  Permian.  A  general  exception  to  the  small 
average  size  of  Mesozoic  plants  appears  in  some  of  the  conifers  which 
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grew  to  a  height  of  more  than  100  feet.  In  Late  Mesozoic  time  the  angio 
sperms,  highest  type  of  seed-bearing  plants  which  are  dominant  today, 
were  introduced  and  became  the  most  important  element  in  the  vegeta- 
tion of  all  lands. 

The  Cycadophytes  (Cycadophyta) 

This  interesting  plant  group  which  is  characteristic  of  the  Mesozoic 
era  is  closely  related  to,  but  yet  quite  distinct  from,  the  modern  cycads, 
which  are  represented  by  many  living  species  in  the  tropics  and  sub- 
tropical regions.  Cycads  have  a  woody  trunk  with  a  large  central  pith 
cavity  and  the  outer  part  cloaked  by  a  mat  of  hanging  dead  leaves  or 


Fio.  299. — A  typo  of  living  cycad  (Dion  edule)  that  resembles  in  form  some  of  the  common 
Mesozoic  cycadophytes.     (After  Widand.} 

bearing  closely  spaced  pitted  scars  that  mark  the  place  of  former  attach- 
ment of  the  leaves.  The  trunk  is  very  short  and  bulbous  in  some 
species,  about  as  wide  as  high,  but  in  others  it  attains  a  height  of  more 
than  50  feet.  At  the  top  is  a  graceful  crown  of  long,  palmlike  leaves 
which  have  a  strong  stem  axis  and  very  numerous  narrow  elongate  leaflets 
on  the  two  sides.  In  a  few  cases  the  leaflets  are  themselves  divided  into 
a  double  row  of  tiny  secondary  leaflets  which  gives  the  frond  a  decidedly 
fernlike  appearance,  and  this  is  enhanced  by  the  coiled-up  tips  of  young 
leaf  shoots  just  as  in  the  ferns.  There  is  a  large  cone  at  the  crest  of  the 
cycad  in  most  living  species,  containing  the  reproductive  elements.  The 
most  common  fossil  cycadophytes  had  very  interesting  true  flowers  in 
which  a  circle  of  male  spore-bearing  stamens  surrounded  a  pear-shaped 
female  organ  with  numerous  seed  ovules.  The  male  and  female  flowers 
are  separate  in  some  fossils,  though  both  may  have  been  borne  by  the 
same  plant. 

The  cycadophytes  had  their  beginning  late  in  the  Paleozoic  era  but  they  are  not 
satisfactorily  known  until  Late  Triassic  time  when  they  appear  to  be  well  established. 
Some  40  different  cycadophyte  species  have  been  recognized  in  the  coal  basin  of  this 
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Fio.  30O. — Types  of  Mcsozoic  plants. 
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age  near  Richmond,  Va.,  and  adjacent  deposits,  but  the  species  are  known  almost 
solely  on  the  basis  of  their  leaves.  One  of  the  most  abundant  kinds  (Sphenozamite* 
rogersianm)  had  leaves  up  to  4  feet  in  length  with  lateral  leaflets  8  to  10  inches  long 
and  as  much  as  4  inches  wide.  Another  Triassic  cycadophyte  (Ctenophyllum),  about 
equally  common,  had  a  similar  crown  of  huge  leaves  with  much  narrower  and  more 
closely  crowded  leaflets. 

The  Jurassic  period  witnessed  the  rise  of  cycadophytes  to  a  distinctly  dominant 
position  in  the  land  vegetation,  for  approximately  two-fifths  of  all  the  known  plant 
fossils  are  of  this  type.  If  cycad  species  were  relatively  as  numerous  today,  Scott 
j>oints  out  that  we  should  have  some  40,000  different  kinds  instead  of  about  75,  and 
that  of  course  takes  no  account  of  numbers  of  individuals.  The  leaves  show  a  con- 
siderable variation  in  shape  and  size,  the  largest  being  3  feet  or  more  in  length.  Unlike 
the  short-trunked  cycadophytes  of  Early  Cretaceous  time,  most  of  those  of  Jurassic 
age  had  tall  slender  stems  that  were  more  or  less  branched  (family  Williamaoniaceae). 


FK;.  :*()!.      A  Cretaceous  cycadophyte  trunk  (Cycadoidta)  from  Maryland.      (After  Berry.) 

These  were  very  widely  distributed  and  fairly  uniform  in  character.  Practically  the 
same  kinds\of  leaves  occur  in  the  Jurassic  of  England,  northern  Greenland,  Alaska, 
Oregon,  Australia,  and  Antarctica. 

Following  the  great  expansion  of  the  eyeadophyt<\s  in  the  Jurassic  period,  a  record 
no  less  imposing  is  found  in  the  Lower  Cretaceous  rocks,  although  the  nature  of  the 
fossils  is  mostly  quite  different.  Instead  of  the  numerous  well-preserved  leaves  and 
rather  scanty  evidence  of  other  parts  of  these  plant*  in  earlier  Mesozoic  time,  the 
Cretaceous  affords  only  sporadic  remains  of  leaves  but  has  wonderfully  preserved 
trunks,  flowers,  fruits,  and  seeds.  Even  the  embryo  plant  in  the  seeds  has  been 
observed.  The  trunks  are  mostly  very  short,  about  as  thick  as  tall,  the  height  ranging 
from  1  to  4  feet  or  occasionally  more.  The  sides  are  covered  by  lozenge-shaped  pits 
that  mark  the  places  of  attachment  of  the  leaf  fronds.  There  are  also  numerous 
clusters  of  pits  much  smaller  than  the  average,  and  when  these  are  cut  in  section 
it  is  seen  that  thev  mark  the  tvmt>  Kaeh  fruit  has  a  central  short,  stout  base  that 
bears  n  number  of  slender  seed-carrying  organs  (pedicels)  and  surrounding  these  a 
circle  of  curiously  shaped  stamens  with  abundant  pollen.  The  flower  was  thus  self- 
pollinated.  In  Hecent  cvcad>  the  h\o  sexes  art1  in  separate  plants.  This  difference 
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and  the  distribution  of  fruiting  organs  over  the  sides  of  the  trunk,  rather  than  only  at 
the  top,  distinguish  the  Lower  Cretaceous  cycadophytes  and,  with  characters  that 
separate  them  from  earlier  types,  cause  them  to  be  grouped  in  a  special  family  (Bennet- 
titaceae).  The  American  representatives  are  chiefly  referred  to  the  genus  Cycadoidea. 
Specimens  are  principally  obtained  from  places  in  Wyoming,  in  the  Black  Hills  region 
in  South  Dakota,  and  in  Maryland. 

The  Upper  Cretaceous  floras  contain  some  cycadophytes  but  they  are  a  rather 
inconspicuous  element.  For  example,  the  Raritan  beds  of  the  Atlantic  Coastal  Plain 
have  less  than  a  dozen  cycadophytes  out  of  nearly  300  plant  species,  and  the  Dakota 
sandstone  of  the  Continental  Interior  contains  only  10  cycadophytes  in  more  than  600 
species  for  the  entire  flora.  Why  the  robust  cycadophyte  stock  of  Lower  Cretaceous 
times  should  not  have  persisted  even  to  the  present  is  hard  to  say,  but  the  chief 
Mesozoic  types  declined  and  disappeared.  They  are  among  the  most  interesting 
plants  of  the  earth's  past. 

Conifers  (Coniferophytd) 

This  plant  group,  to  which  the  pines,  cedars,  and  other  cone-bearing 
evergreens  belong,  and  which  had  its  forerunners  in  the  Permian,  wa3  an 


Fia.  302. — Broken  sections  of  the  trunk  of  a  large  silicified  tree,  a  Triassic  conifer,  in 
the  Petrified  Forest  National  Monument,  eastern  Arizona.  (N.  H.  Darton,  U.  S.  Geol. 
Survey.) 

important  element  in  the  floras  of  Mesozoic  time,  but  the  fossil  record 
is  very  fragmentary  and  affected  greatly  by  the  nature  of  the  local 
environment. 

Some  conifers  are  known  from  the  coal  basins  of  Triassic  age  in  Virginia,  though 
this  moist  lowland  was  mainly  characterized  by  growth  of  cycadophytes  and  ferns. 
Triassic  conifers  are  best  known  from  the  southwestern  United  States,  where  in  the 
Painted  Desert  of  Arizona  and  in  parts  of  adjacent  states  are  widely  scattered  fossilized 
trees  and  several  "fossil  forests."  The  most  famous  tree  locality  is  an  area  of  about 
40  square  miles  near  the  town  of  Adamana,  Ariz.,  which  has  been  set  aside  as  the 
Petrified  Forest  National  Monument.  Hen.'  lie  thousands  of  fossilized  logs,  many  of 
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them  broken  Up  into  drum-  or  hogshead-like  segments,  others  complete  and  unbroken. 
The  enclosing  sediments  have  been  so  removed  front  one  that  it  forms  a  natural  bridge 
over  a  ravine  some  20  feet  deep  and  30  feet  across,  probably  the  only  bridge  of  this 
sort  in  the  world.  The  average  diameter  of  the  logs  is  3  to  4  feet  and  the  length  60  to 
80  feet.  Some  logs  7  feet  in  greatest  diameter  and  125  feet  long  have  been  observed. 
None  are  standing  in  position  of  growth  but,  with  branches  stripped,  lie  scattered 
about  as  though  rolled  or  floated  by  running  water  until  stranded  and  subsequently 
buried  in  the  places  where  they  are  now  found.  The  original  forests  may  have  been 
scores  of  miles  distant.  The  most  abundant  kind  of  tree  is  called  Araucarioxylon 
because  the  wood  resembles  that  of  the  modern 
pinelike  Araucaria.  The  cell  structure  and 
fibers  have  been  almost  perfectly  preserved 
by  molecular  replacement  of  silica,  much  of 
it  in  the  form  of  chalcedony  and  agate  that  is 
beautiful  and  varied  in  coloring  of  rich  yellows, 
red,  and  purples. 

The  Jurassic  rocks  in  North  America 
afford  rather  scanty  evidence  of  the  conifers, 
though  several  kinds  are  known.  The  fossil 
remains  consist  almost  entirely  of  impressions 
of  leafy  twigs  and  branches.  The  conifers 
made  up  somewhat  less  than  a  third  of  the 
entire  known  flora. 

Relative  importance  of  conifers  in  number 
of  species  is  about  the  same  in  the  Lower 
Cretaceous  as  formerly,  but  they  were 
undoubtedly  the  largest  and  most  conspicuous 
plants  of  the  time.  There  were  several  kinds 
of  Sequoia,  some  very  much  like  the  giant 
sequoia  of  California,  and  a  number  of  species 
belonging  to.  the  cypress,  yew,  cedar,  and 
juniper  types  are  known.  The  Upper 
Cretaceous  conifers  are  less  numerous  and 
appear  relatively  much  less  important  because  Triassic 
of  the  rapid  rise  of  the  "  broad-leaf  "  flowering 
plants — the  angiosperms,  especially  the  dicotyledons 


Fia.     303. — A     large     broad-leafed 
fern       (Macrotaeniopteris)      from      the 
of    Virginia.     (After    RusselL) 


Ferns  (Pteridophytd) 

As  has  been  noted,  ferns  comprise  approximately  one-third  of  the 
known  floras  of  Mesozoic  age,  excepting  the  Late  Cretaceous  when  rise 
of  the  higher  plants  reduces  the  relative  importance  though  not  neces- 
sarily the  actual  number  of  fern  species. 

Triassic  ferns  are  best  known  in  America  from  North  Carolina,  Virginia,  and 
Pennsylvania,  in  parts  of  which  region  there  are  coal  beds  of  Triassic  age  showing  long 
persistence  of  very  moist  or  swampy  conditions.  The  Richmond  coal  basin  in  Virginia 
contains  at  least  a  dozen  coal  beds  that  have  a  combined  thickness  of  about  30  feet. 
In  this  environment,  ferns  were  the  dominant  kind  of  plant,  and  many  of  them  were 
of  large  size.  Some  of  the  Triassic  ferns  are  closely  related  to  predecessors  in  the  Late 
Paleozoic  rocks.  Several  genera  are  distinguished  on  the  basis  of  the  shape  and 
arrangement  of  the  leaflets,  their  venation,  and  so  forth.  Cladophlebis,  characteristic 
of  the  Upper  Triassic  and  Jurassic  in  particular,  had  its  beginning  in  the  Upper  Paleo- 
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zoic.  One  type  (Macrotaeniopteris)  had  simple,  undivided  leaves  that  in  some  speci- 
mens measure  6  inches  wide  and  4  feet  long.  Another  group  of  the  ferns  is  regarded 
as  including  forerunners  of  several  modern  fern  families,  including  several  tropical 
genera,  but  this  was  not  so  prominent  in  the  Triassic  flora.  Relatives  of  the  now 
nearly  extinct  family  Marattiaceae  were  comparatively  abundant  in  both  the  Pennsyl- 
vanian  and  the  Early  Mesozoic  floras. 

The  Jurassic  and  Cretaceous  fossil  ferns  were  all  of  moderate  size.  Locally, 
especially  in  some  of  the  Lower  Cretaceous  (Patuxent)  clay  beds,  ferns  were  unusually 
abundant,  their  remains  forming  a  tangled  mat  in  which  other  kinds  of  plants  are 
aimost  absent. 

Horsetails  and  Ginkgo 

la  both  the  swampy  coal  basins  of  the  Atlantic  Border  and  the  river 
plains  of  the  Southwestern  Interior  there  are  Triassic  descendants 
(Neocalgpriites)  of  the  Paleozoic  horsetails  or  calamites.  The  ribbed 
steml^ were  4  or  5  inches  in  diameter  and  20  to  30  feet  long.  This  stock 
is  also -known  in  smaller  species  from  the  Cretaceous. 

From  a  botanical  standpoint,  one  of  the  most  interesting  Mesozoic 
plant  fossils  is  the  Ginkgo  or  maidenhair  tree  which  was  one  of  the  most 
abundant  .aijd  widely  distributed  trees  during  Jurassic  time  and  which  is 
represented  today  by  a  single  species,  native  in  China  and  Japan  but 
introduced  in  parts  of  the  United  States  and  Europe.  The  ginkgo  attains 
a  height  of  80  feet  or  more,  has  a  relatively  smooth  trunk  that  in  fully 
gfown  specimens  may  be  3  feet  in  diameter,  and  bears  broad  subtriangular 
leaves  with  veins  radiating  from  the  pointed  base.  In  its  peculiarly 
specialized  method  of  seed  fertilization,  and  in  certain  details  of  structure, 
the  ginkgo  evidently  belongs  to  the  Coniferophyta,  though  it  stands  so 
apart  from  all  other  plants  as  to  constitute  a  distinct  order.  It  enjoys 
the  distinction  of  being  probably  the  oldest  living  kind  of  tree,  though 
Araucaria,  now  found  mainly  in  the  Southern  Hemisphere  is  nearly  as 
old,  and  possibly  older.  It  has  come  down  so  little^  changed  that  it  is 
difficult  or  impossible  to  discover  differences  in  the  fossils  perhaps  45 
million  years  or  so  in  age  and  the  present  leaves. 

The  ginkgo  probably  originated  in  Late  Paleozoic  time,  as  indicated  by  certain 
Carboniferous  fossils,  but  it  is  first  known  clearly  in  Medial  Jurassic  time,  long  after 
the  araucarian  stock  was  well  established.  In  Oregon  there  are  beds  containing 
beautifully  preserved  ginkgo  leaves  by  the  hundreds.  Jurassic  deposits  in  Alaska, 
Greenland,  northern  Europe,  and  Siberia  also  contain  them.  Naturally  this  plant 
occurs  in  later  Mesozoic  and  in  Tertiary  floras  but  it  does  not  stand  out  so  prominently 
as  in  the  Jurassic  when  the  host  of  modern-type  leafy  trees  had  not  appeared.  It 
became  extinct  in  North  America  during  the  Tertiary  period  but,  when  reintroduced 
by  man  from  its  native  habitat  in  China,  it  was  found  to  grow  luxuriantly. 

Flowering  Plants  (Angiospermophyta) 

The  highest  type  of  plants,  dominant  in  modern  floras,  are  the  flower- 
ing plants,  in  which  the  seeds  are  inclosed  in  a  protecting  case  or  fruit. 
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Two  classes  are  recognized:  (1)  monocotyledons  which  start  with  a  single 
leaflet,  lack  a  differentiation  of  the  stem  into  pith,  wood,  and  bark,  and 
have  parallel-veined  leaves,  and  (2)  dicotyledons,  which  start  with  two 
leaflets,  show  division  into  pith,  wood,  and  bark,  and  have  leaves  with 
a  network  of  veins.  The  first  group  includes  the  grasses,  cereals,  palms, 
lilies,  and  the  like,  while  the  second  contains  most  of  the  forest  trees  such 
as  maples,  oaks,  elms,  and  a  great  variety  of  shrubs  and  herbs. 

The  epoch  in  earth  history  which  saw  the  first  plants  classifiable  as 
angiosperms  is  not  known.,  No  certainly  identifiable  angiosperms  are 
yet  known  below  the  Lower  Cretaceous  where  leaves  that  have  been 
referred  to  16  modern  families  of  flowering  plants  suddenly  make  their 
appearance.  Some  of  these  are  referred  to  the  willows,  poplars,  beeches, 


FIG.  304. — Fossil  leaves  of  Cretaceous  angiosperms. 

oaks,  elms,  laurels,  sassafras,  figs,  grapes,  and  other  familiar  living 
groups.  The  species  are,  of  course,  all  different  from  those  of  today. 
In  fact,  some  of  the  leaves  are  rather  crude  and  undifferentiated,  suggest- 
ing a  rather  primitive  stage  in  development.  Yet  the  very  evident 
specialization  and  structural  advancement  of  the  later  Cretaceous 
angiospermous  floras  indicate  that  the  group  must  have  had  a  consider- 
able, and  possibly  a  prolonged,  antecedent  development  that  is  as  yet 
almost  unrecorded  by  actual  fossil  remains. 

The  Upper  Cretaceous  floras,  represented  by  very  abundant  well- 
preserved  leaves,  as  in  the  Dakota  sandstone  of  Kansas,  the  Woodbine 
sandstone  of  northern  Texas,  the  Raritan  and  Magothy  beds  of  the 
Atlantic  Coast,  and  various  other  deposits,  shows  a  strongly  dominant 
angiosperm  content  with  many  modern-looking  elements.  The  Dakota 
flora  contains  more  than  five  hundred  described  species.  In  Greenland 
and  Alaska  there  are  Upper  Cretaceous  plant-bearing  beds  containing 
conifers  and  hardwoods  with  many  of  the  same  species  that  occur  in  the 
central  and  southern  part  of  the  United  States.  Among  them  are  extinct 
representative  of  the  dogwood,  persimmon,  fig,  tulip  tree,  eucalyptus, 
sycamore,  breadfruit  tree,  :md  ninny  others  that  today  mainly  inhabit 
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moderately  warm  climates.    The  breadfruit  tree  (Artocarpus)  is  limited 
at  present  to  within  20  degrees  of  the  Equator. 

SUMMARY  OF  LIFE  DEVELOPMENT  IN  MESOZOIC  TIME 

The  outstanding  feature  of  the  life  of  Mesozoic  time  is  the  rise  to 
dominance  of  the  reptiles  and  their  radiation  into  almost  all  modes  of 
existence  on  the  lands,  in  the  waters,  and  in  the  air.  Chief  place  among 
the  invertebrates  is  occupied  by  the  cephalopods  which  reached  at  this 
time  the  culmination  of  their  career.  This  ,is  indicated  by  their  extra- 
ordinary specialization  along  many  lines,  multitudinous  variety,  and  the 
giant  stature  of  some  forms.  The  characteristic  plant  group  of  the 
era  is  that  of  the  cycadophytes,  though  in  Cretaceous  time  the  appear- 
ance of  the  highest  type  of  seed-bearing  plants,  the  angiosperms,  intro- 
duces modern  aspects  in  the  flora. 

Triassic  Period. — Land  animals  of  Triassic  time  include  the  early 
representatives  of  the  dinosaurs  which,  generally  speaking,  were  smaller 
and  much  less  specialized  than  succeeding  forms.  Footprints  are 
common  in  some  localities,  especially  in  the  Connecticut  Valley  region, 
but  skeletal  remains  are  rare.  The  Triassic  rocks  also  contain  numerous 
phytosaurs  and  the  beginnings  of  divergent  lines  of  marine  reptiles,  the 
ichthyosaurs,  plesiosaurs,  and  turtles.  The  South  African  Triassic 
deposits  show  the  presence  of  a  strange  group  of  heavy-boned  reptiles 
(pareiasaurs)  and  some  that  are  very  mammal-like  in  certain  features, 
especially  the  teeth  (theriodonts).  Flying  reptiles  are  first  known  from 
rocks  of  Late  Triassic  age. 

Large,  heavy-skulled  amphibians  called  stegocephalians  are  prominent 
Triassic  vertebrates;  the  peculiar  labyrinthine  structure  of  their  teeth  is 
almost  identical  with  that  of  the  lobe-finned  ganoid  fishes.  Several 
small  jaws  and  teeth  that  have  been  found  in  Triassic  rocks  are  classed  as 
belonging  to  primitive  mammals.  A  variety  of  well-preserved  fishes, 
chiefly  belonging  to  the  ganoid  (enamel-scaled)  group,  has  been  collected 
from  the  Triassic. 

Among  invertebrates,  a  great  expansion  of  the  ammonoid  cephalopods 
in  Triassic  time  gives  special  prominence  to  this  group  and  inaugurates  a 
dominance  that  was  to  continue  throughout  the  Mesozoic  era.  There 
are  almost  innumerable  species  which,  in  general,  show  specialization  of 
suture  pattern,  ornamentation,  and  other  characters,  as  compared  with 
well-advanced  Permian  types.  Several  distinctive  Triassic  genera  of, 
pelecypods  occur  but  some  of  these  are  obviously  related  closely  to  Late 
Paleozoic  predecessors.  The  Mediterranean  region  of  Europe  shows 
very  thick  masses  of  limestone  composed  largely  of  remains  of  corals, 
sponges,  and  algae. 

Cycadophytes  were  well  established  in  the  Triassic  period^  40  kinds 
being  known  from  Virginia  alone,  Conifers  and  ferns  were  each  about 
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equal  to  the  cycadophytes  in  numbers.  The  "  petrified  forests "  in  the 
Triassic  beds  of  the  southwestern  United  States  contain  fossil  logs  7  feet 
in  diameter  and  125  feet  long,  which  record  existence  of  a  conifer  related 
to  the  modern  pinelike  Araucaria.  One  of  the  Triassic  ferns  had  leaves 
4  feet  long. 

Jurassic  Period. — The  Jurassic  period  shows  advancement  of  the 
reptiles  along  many  lines.  Dinosaurs  approached  the  peak  of  their 
development  in  variety  and  size.  Herbivorous  types  include  gigantic 
quadrupeds,  some  90  feet  long  and  weighing  in  the  neighborhood  of  40 
tons,  and  bipedal  forms  of  large  and  small  size.  The  strange  armored 
dinosaur  known  as  the  stegosaur  lived  at  this  time.  Ferocious  carnivores 
existed  also,  but  the  greatest  known  beast  of  this  group  lived  near  the 
close  of  Cretaceous  time.  Large  ichthyosaurs  and  plesiosaurs  show  very 
thorough  adaptation  to  life  in  the  sea.  The  former  were  remarkably 
fishlike,  even  in  the  presence  of  a  dorsal  fin  and  strong  caudal  fin;  the 
latter  resembled  marine  turtles  in  the  form  of  flattish  rounded  body  and 
powerful  flippers,  but  they  had  a  long  neck.  Flying  reptiles  of  several 
varieties  occur  in  Jurassic  deposits.  Here,  also,  appears  the  first  known 
birds,  Archaeopteryx  and  Archaeornis,  which  so  strangely  combine  the 
characters  of  lizard  and  bird.  Primitive  mammals  are  known  but  are 
unimportant  elements  of  the  fauna. 

The  ammonites  of  the  Jurassic  are  extremely  abundant  and  varied, 
showing  a  very  remarkable  range  of  form,  surface  ornamentation,  and 
suture  pattern.  The  wide  geographic  distribution  and  short  vertical 
distribution  of  many  species  provide  the  essentials  of  good  index  fossils, 
and  the  marine  Jurassic  strata  have  accordingly  been  minutely  zoned  on 
the  basis  of  ammonites.  Dibranchiate  cephalopods  with  solid  internal 
cigar-shaped  hard  parts  are  very  abundant  in  some  Jurassic  formations; 
these  fossils  are  known  as  belemnites.  Pelecypods  are  fairly  important 
elements  of  marine  Jurassic  faunas.  The  ornamented,  subtriangular 
shells  of  Trigonia  and  the  beginning  of  prominence  of  the  oyster  family 
are  noteworthy.  Large  crinoids  have  been  found  in  Jurassic  beds  and 
the  five-sided  stem  segments  of  Pentacrinus  are  useful  guide  fossils,  but 
the  group  is  not  very  important.  Portions  of  the  Jurassic  deposits  of 
Europe  are  very  rich  in  remains  of  corals,  sponges,  and  brachiopods. 

The  cycadophytes  of  Jurassic  time  were  very  numerous  and  with 
fairly  uniform  characters  were  distributed  throughout  the  land  areas  of 
the  globe.  Practically  the  same  kinds  of  these  plants  are  known  in 
Europe,  Greenland,  western  North  America,  Australia,  and  Antarctica. 
A  prominent  and  botanically  unique  Jurassic  plant  is  the  Ginkgo  which 
is  represented  by  a  living  species,  native  to  Asia. 

Cretaceous  Period. — The  number  of  different  sorts  of  reptiles  of 
Cretaceous  age  is  approximately  equal  to  that  of  Jurassic  time,  but,  in 
general,  specialization  along  various  lines  had  gone  farther  and  several 


508  THE  MESOZOIC  ERA 

reptilian  types  reached  their  peak  in  size.  The  greatest  known  car- 
nivorous dinosaurs  lived  in  the  Late  Cretaceous  and  contemporary  with 
them  were  the  strange  horned  dinosaurs  called  ceratopsians.  The  duck- 
billed dinosaur  and  others  were  adapted  to  a  semiaquatic  habitat,  and 
there  were  .some  that  appear  to  have  been  excellent  swimmers.  Plesio- 
saurs,  ichthyosaurs,  large  turtles,  and  the  great,  serpent-like  mosasaurs 
were  at  home  in  the  continental  seas.  The  largest  known  flying  reptiles, 
with  a  wing  spread  of  26  feet,  lived  in  the  Late  Cretaceous.  Highly 


FIG.  305. — Group  of  Hesperornis,  the  large  diving  bird  with  teeth,  that  lived  in  the  Late 
Cretaceous  seas  of  western  Kansas. 

specialized  birds,  which  retain  reptilian  characters,  however,  in  the 
possession  of  teeth,  are  also  known.  In  view  of  the  successful  adaptation 
of  these  many  animals  to  their  various  modes  of  life,  the  sudden  dis- 
appearance of  most  of  the  stocks  at  the  close  of  Mesozoic  time  is  inter- 
esting and  puzzling. 

Ammonites  were  abundant  and  varied  during  the  Cretaceous  period, 
and  most  of  them  are  excellent  guide  fossils  for  different  stratigraphic 
zones.  The  presence  of  several  aberrant  types  in  Upper  Cretaceous 
formations  and  a  decline  in  numbers  foreshadow  the  extinction  of  the 
group.  Pelecypods  are  very  common  and  to  this  class  belong  many  of  tfce 
important  index  fossils  of  the  system.  Among  the  chief  genera  are 
Gryphaea,  Exogyra,  Ostrea,  and  Inoceramus.  Among  echinoderms  the 
heart-shaped  echinoids  are  outstanding  in  rank  but  there  were  some 
very  interesting  free-swimming  crinoids.  Protozoans  are  represented  by 
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exceedingly  abundant  Foraminifera  which  compose  a  large  part  of  chalk 
and  some  other  beds. 

The  appearance  of  the  angiosperms  is  the  chief  feature  in  the  record 
of  fossil  plants  of  Cretaceous  time.  Some  formations  contain  a  very 
large  flora  of  decidedly  modern  aspect.  The  short-trunked  cycads  of 
the  Lower  Cretaceous  are  prominent.  Occurrence  of  large  palms  and 
other  tropical  or  subtropical  types  in  northern  regions  is  doubtless  signifi- 
cant of  warm,  genial  climate  in  these  places  in  Late  Mesozoic  time. 
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CHAPTER  XXVI 

THE  CENOZOIC  FORMATIONS 

Deposits  of  Cenozoic  age  are  very  widespread.  They  include  marine 
formations,  chiefly  near  the  borders  of  the  continents,  and  nonmarine 
deposits  of  fluviatile,  lacustrine,  eolian,  and  glacial  origin.  It  is  the 
purpose  of  this  chapter  to  consider  briefly  the  broad  distinguishing 
characters  of  these  youngest  geologic  formations,  noting  especially  their 
relation  to  physiographic  features  and  their  distribution  with  respect 
to  the  older  rocks  that  have  been  studied. 

A  chief  feature  of  the  Cenozoic  formations  is  the  general  lack  of 
consolidation,  or  only  partial  consolidation,  and  this  is  true  notwithstand- 
ing the  fact  that  some  layers  are  tightly  cemented.  Hard  sandstones  and 
conglomerates  occur  in  many  places,  but  more  commonly  there  are  beds 
of  sand  and  gravel  that  are  only  partially  compacted  or  are  not  con- 
solidated at  all.  Fairly  resistant  siliceous  and  sandy  shales  are  known, 
but  most  of  the  silty  and  clayey  deposits  are  very  soft  and  yield  readily 
to  the  attack  of  erosion  agencies.  There  are  compact  limestones  that 
make  benches  and  ridges,  but  much  the  greater  part  of  Cenozoic  cal- 
careous deposits  are  soft  and  marly.  A  noteworthy  character  of  some 
formations  is  the  occurrence  of  hard  concretionary  masses,  generally 
rounded  in  form,  and  a  foot  or  more  in  thickness.  These  are  embedded 
in  soft  shale  or  sand. 

A  prominent  feature  among  sedimentary  deposits  of  Cenozoic  age  is 
the  extremely  widespread  occurrence  of  glacial  deposits  in  the  Northern 
Hemisphere.  Igneous  formations,  consisting  of  granite,  porphyry, 
and  various  other  sorts  of  intrusive  rocks,  and  comprising  also  a  great 
variety  of  extrusive  materials,  are  especially  important  in  western  North 
America  and  parts  of  other  continents. 

Partly  as  a  result  of  the  geographic  location  and  mode  of  origin  of 
Cenozoic  sedimentary  deposits  and  partly  because  of  their  average  lack 
of  resistance  to  erosion,  these  formations  occur  commonly  in  lowland 
plains.  Chief  of  these  are  the  coastal  plains.  Exceptions  to  this 
generalization  are  found  in  some  of  the  deposits  capping  high  plateaus, 
as  in  parts  of  western  North  America,  and  especially  in  igneous  formations 
that  occur  in  parts  of  high  mountain  areas.  The  topography  of  parts 
of  these  regions  is  extremely  rugged.  The  great  elevation  of  some 
Cenozoic  rocks  above  sea  level  is  due  mainly  to  recent  movements  of 
the  earth  crust  that  have  elevated  the  plateau  and  mountain  regions  by 
thousands  of  feet. 
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CENOZOIC  FORMATIONS  OF  NORTH  AMERICA 

Atlantic  Coastal  Plain. — Cenozoic  formations  comprise  the  outer 
portion  of  the  Atlantic  Coastal  Plain  from  the  vicinity  of  New  York 


FIG.  306. — Map  of  North  America  showing  outcrop  areas  of  Cenozoic  formations. 

City  southward.  They  rest  dis&mformably  on  Mesozoic  rocks,  which 
make  the  inner  part  of  the  Coastal  Plain,  or  in  places  overlap  on  older 
formations.  The  width  of  the  Cenozoic  belt  exceeds  100  miles  in  some 
places  and  it  comprises  all  of  the  Florida  Peninsula.  The  beds  dip 
gently  seaward.  The  land  surface  also  slopes  very  gently  seaward  and 
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in  many  places  resembles  a  smooth  or  gently  undulating  sea  floor.  Some 
of  the  harder  formations  make  cuestas,  with  the  steep  slopes  facing 
inland.  Most  of  the  streams  are  small  and  the  valleys  shallow.  The 
interstream  areas  are  mostly  wide,  nearly  flat,  and  in  places  swampy. 
Tidal  estuaries  and  salt  marshes  are  common  along  the  coast,  and 
elongate  barrier  beaches  with  a  covering  of  sand  dunes  are  a  common 
feature. 

Much  of  the  Coastal  Plain  belt  is  tree-covered,  the  long-leaf  pine 
being  one  of  the  most  common  trees  in  the  part  of  the  Plains  occupied  by 
Cenozoic  formations.  Bottomlands,  especially  along  some  of  the 


FIG.  307. — Block  diagram  showing  relations  of  the  Coastal  Plains  formations  to  older  rocks. 
(D.  W.  Johnson,  International  Geol.  Congress  Guidebook  7.     Drawn  by  E.  J.  Raisz.) 

larger  streams,  are  densely  forested,  and  swamps,  especially  toward  the 
south,  contain  thick  growths  of  cypress. 

The  Florida  Peninsula,  which  projects  some  350  miles  southeastward 
into  waters  of  the  Atlantic  Ocean  and  Gulf  of  Mexico,  is  mostly  less  than 
100  feet  above  sea  level.  The  northern  and  western  parts  of  Florida 
consist  of  a  narrow  limestone  upland  in  which  the  rocks  are  of  Early 
Cenozoic  age.  The  southern  and  central  portions  of  the  peninsula  are  a 
great  lake  and  swamp  district,  the  lakes  occupying  depressions  or  sinks 
'in  the  underlying  limestone,  or  occurring  in  shallow  cavities  that  are  due 
to  irregularities  in  the  comparatively  recently  elevated  sea  floor. .  Under- 
ground drainage  through  the  porous  limestone  formations  is  common. 
Sinks  and  springs  are  very  numerous,  the  latter  including  some  of  the 
largest  features  of  this  sort  known  in  the  United  States. 
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Gulf  Coastal  Plain. — The  geologic  structure  and  topography  of  the 
Gulf  Coastal  Plains  region  are  essentially  similar  to  the  plains  of  the 
Atlantic  Border,  but  the  Gulf  Plains  are  broader,  attaining  a  maximum 
width  of  more  than  500  miles  near  the  Mississippi.  The  Cenozoic  forma- 
tions have  an  average  dip  of  30  to  40  feet  to  the  mile  toward  the  Gulf. 
The  surface  of  the  land  slopes  in  the  same  direction,  but  at  a  much  less 
rapid  rate,  averaging  about  1  foot  per  mile.  Accordingly,  in  travel  from 
the  inner  border  of  the  plain  toward  the  coast  one  successively  crosses 
the  beveled  edges  of  the  Cenozoic  deposits  from  oldest  to  youngest.  The 
width  of  outcrop  of  each  formation  is  approximately  proportional  to 
its  thickness.  Some  of  the  sandstone  and  limestone  formations  make 
cuestas,  with  steep  landward-facing  slopes  and  very  gentle  seaward 
slopes.  The  outcrops  of  weak  calcareous  formations  are  commonly 
marked  by  smooth-contoured,  poorly  drained  valleys.  These  features 
are  typical  of  the  so-called  Black  Prairies. 

The  main  streams  of  the  Coastal  Plain  flow  nearly  at  right  angles 
across  the  outcrops  of  Cenozoic  formations.  These  are  consequent 
streams,  the  courses  of  which  were  established  with  reference  to  the 
gentle  seaward-sloping  surface  of  the  emerged  former  sea  bottom.  The 
tributary  streams,  on  the  other  hand,  mostly  follow  the  trend  of  the  rock 
outcrops,  depressions  being  carved  especially  in  the  weaker  strata.  These 
streams  are  subsequent  and  they  join  the  master  valleys  at  nearly  right 
angles. 

Parts  of  the  plains  area,  especially  certain  low  ridges,  are  wooded. 
Other  parts  are  open  prairies  or  savannas  clothed  with  coarse  grass  and 
locally  dotted  with  scrub  pine  or  palmetto.  Along  much  of  the  coast  are 
wave-built  ridges  or  reefs,  some  of  which  on  t^e  Texas  coast  are  remark- 
ablywjong  and  continuous.  Behind  the  sand  reefs  are  lagoons,  irregular 
estuaries,  and  reedy  swamps. 

*\£be  Mississippi  Valley,  south  of  the  mouth  of  the  Ohio,  is  a  vast 
alluvial  plain  that  lies  practically  at  base  level.  Its  materials  are 
Cetiozoic  deposits  of  recent  origin.  The  eastern  and  western  borders 
of  this  district  are  defined  by  lines  of  bluffs.  The  river  plain  has  a 
scarcely  perceptible  slope  southward,  and  the  maze  of  bayous,  lakes, 
and  abandoned  channels  show  that  the  surface  is  very  ill-drained.  The 
southern  portion  of  the  plains,  part  of  which  is  extended  to  form  the 
Mississippi  Delta,  is  barely  above  tide  level,  and  along  the  coast  are 
permanent  tidal  marshes.  A  large  part  of  the  swampy  bottom  lands 
are  covered  by  heavy  forests  of  cypress  and  gum. 

Interior  Plains  Region. — The  Great  Plains  country  east  of  the 
Rockies,  the  central  and  upper  Mississippi  Valley  region,  the  territory 
surrounding  the  Great  Lakes,  and  great  areas  in  the  north  central  part 
of  the  continent  contain  thin  but  very  extensive  deposits  of  Cenozoic 
age.  The  relation  of  these  to  important  topographic  characteristics  of 
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these  regions  is  especially  noteworthy.  The  Great  Plains  slope  very 
gently  eastward,  the  western  portion  in  many  places  being  more  than  a 
mile  above  sea  level.  Most  of  this  area  is  a  treeless  prairie,  a  gently 
rolling  or  in  places  almost  perfectly  plane  surface  that  in  the  natural 


^^^jfcri'- 

£>.'^J^%£«*~:;£  "-^ 


**^«     ^  **»*.*-* 

..(**  *,  »    : 

***  ;  ' 

- 


Fio.  308. — A  part  of  the  High  Plains  of  western  Kansas  near  the  Colorado  boundary. 
Much  of  this  country,  in  which  Pliocene  deposits  occur  next  below  the  soil  covering,  is  a 
featureless  plain. 

state  bears  a  covering  of  short  grass.  Formerly,  this  was  the  range  of 
countless  herds  of  buffalo.  Now,  this  country  is  employed  for  cattle 
grazing  and  wheat  growing.  Sand-dune  areas,  many  square  miles  in 
extent,  occur  in  some  parts  of  the  region.  The  eastern  border  of  the 


FIG.  309. — The  Badlands  of  South  Dakota,  an  intricately  dissected  part  of  the  weak 
Cenozoic  sedimentary  deposits  of  the  Great  Plains  region.  (N.  H.  Darton,  U.  S.  Oeol. 
Survey.) 

Cenozoic  deposits  in  parts  of  Texas,  Oklahoma,  and  Kansas  is  marked  by 
a  prominent  escarpment,  called  "the  break  of  the  plains/' 

The  northern  Mississippi  Valley,  Great  Lakes  region,  and  territory 
in  Canada  extending  far  to  the  north  is  mantled  by  glacial  deposits 
belonging  to  the  latter  part  of  Cenozoic  time.  Throughout  much  of  the 
area,  these  deposits  fill  in  irregularities  of  the  underlying  bedrock,  pro- 
ducing a  very  flat  or  a  gently  rolling  land  surface.  Elsewhere  there  are 
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belts  of  hummocky  topography  representing  moraines,  and  especially 
in  the  north  there  are  innumerable  lakes  and  marshes.  At  the  border 
of  the  Great  Lakes  in  several  places,  and  covering  a  large  territory  in 
North  Dakota,  Manitoba,  and  eastern  Saskatchewan,  are  flat  plains 
that  represent  the  bottom  of  former  lakes.  Beach  ridges  are  prominent 
at  the  borders  of  the  ancient  lake  beds  in  many  places  and  are  traceable 
for  scores  of  miles.  Thick  deposits  of  loess  occur  on  the  uplands  border- 
ing large  streams.  Thus,  the  topographic  characteristics  of  this  large 
territory  are  mainly  traceable  to  the  nature  of  Cenozoic  deposits  in  the 
region.  The  making  of  the  Great  Lakes  belongs  to  the  Cenozoic  era. 


FIG.  310. — Part  of  the  San  Juan  Mountains  near  Telluride,  Colo.  The  San  Juans  are 
mainly  built  of  a  huge  mass  of  Cenozoic  volcanic  rocks.  They  contain  important  deposits 
of  metals.  (W.  T.  Lee.  U.  S.  Geol.  Survey.) 

Rocky  Mountains.— The  Rocky  Mountains  province,  which  may  be 
defined  to  include  the  mountain  and  plateau  country  between  the 
mountain  front  on  the  east  and  the  Great  Basin  on  the  west,  contains 
a  variety  of  Cenozoic  deposits.  Besides  glacial,  fluviatile,  and  other 
deposits  of  mountain  valleys,  thick  sedimentary  formations  occur  in 
several  of  the  intermontane  depressions  called  "parks,"  and  in  broad 
synclinal  areas  such  as  occur  in  northwestern  New  Mexico,  northeastern 
Utah,  and  in  central  Wyoming.  Sedimentary  and  igneous  formations 
of  Cenozoic  age  cap  the  High  Plateaus  in  Utah  and  form  the  summit 
portions  of  the  San  Juan  Mountains  in  southwestern  Colorado.  Cenozoic 
granites  and  other  intrusive  igneous  rocks  form  mountain  peaks  in 
other  parts  of  this  district.  Up  war  ping  of  the  region  and  very  extensive 
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erosion  during  (Vno/oir  time  nrr  chiefly  responsible*  for  lln».  present 
topographic  characteristics  of  the  mountain  belt. 

Great  Basin. — The  Great  Basin  region  contains  numerous  north- 
south-trending  mountain  ranges  that  are  separated  by  broad  desert 
valleys.  Cenozoic  formations,  consisting  chiefly  of  fluviatile  and 
lacustrine  deposits,  occur  in  the  valleys.  Chief  topographic  charac- 
teristics of  the  valley  areas  are  the  long  gentle  slopes  of  piedmont  alluvial 
fans  and  the  flat  surface  of  playa  or  lake  deposits  in  the  central  part  of 
the  intermontane  basins.  Shore-line  features  of  formerly  extensive 
lakes  are  prominent  in  places,  as  near  Salt  Lake  City. 

Pacific  Border. — Most  of  the  exposed  sedimentary  formations  in 
California,  Oregon,  and  Washington  are  of  Cenozoic  age.  Their  aggre- 


FIG.  311. — Vertical  Tertiary  beds  on  the  California  coast,  San   Mateo  County.      (Ralph 

Arnold,   U.  S.  Grol.  Survey.) 

gate  thickness  in  many  places  is  measured  in  tens  of  thousands  of  feet, 
and  most  commonly  the  beds  are  found  tilted  at  various  angles.  Locally 
the  strata  are  vertical  or  form  parts  of  overturned  folds.  Lava  flows 
cover  thousands  of  square  miles  in  the  Columbia  River  area  in  eastern 
Washington,  Oregon,  California,  northwestern  Nevada,  and  southwestern 
Idaho.  Crustal  movements  of  Cenozoic  time  produced  the  Sierra 
Nevada,  Cascade,  and  Coast  Ranges  and  the  work  of  erosion  in  Recent 
geologic  time  is  mainly  responsible  for  the  scenic  characters  and  topo- 
graphic diversity  that  distinguish  this  region. 

CENOZOIC  FORMATIONS  OF  OTHER  CONTINENTS 

Europe. — Marine  and  nonmarine  deposits  of  Cenozoic  age  arc  cxtroinely  widespread 
in  Europe.  The  marine  formations  occur  chiefly  in  the  vicinity  of  London,  in  the 
central  part  of  the  Paris  Basin,  southwestern  France,  northern  and  southern  Spain, 
Italy,  southern  Germany,  Belgium,  the  Carpathian  region,  and  southeastern  Russia. 
These  rocks  are  thickest  and  consist  most  largely  of  limestone  in  the  Mediterranean 
region.  Nonmarine  deposits,  including  especially  widespread  glacial  drift  of  Quater- 
nary age,  occur  in  Germany,  Denmark,  Poland,  and  northern  Russia. 
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Dominantly,  but  not  altogether,  tho  Cenozoic  formations  occupy  the  lowland 
plains  of  the  continent.  The  prominent  mountain  ranges  of  Europe  were  chiefly 
formed  during  Cenozoic  time,  but  the  rocks  exposed  in  the  mountain  areas  are 
chiefly  older  than  Cenozoic.  The  general  topography  and  the  outline  of  the  European 
continent  are  almost  wholly  an  expression  of  conditions  and  events  belonging  to  com- 
paratively recent  geologic  time.  Volcanic  activity  was  pronounced  in  parts  of  north- 
western and  southern  Europe,  volcanoes  of  the  Mediterranean  district  being  still 
intermittently  active. 

Asia. — Conozoic  formations  of  the  Asiatic  continent  include  marine  limestones 
and  other  deposits  of  the  Himalayan  belt  extending  from  Asia  Minor  to  Burma,  and 


FUJ.  312.     Map  of  Europe  showing  outcrop  areas  of  Cenoaoic  formations. 

there  are  also  locally  thick  and  very  \\ide.spivad  nnnmniino  deposits,  chiefly  ot  fluvia- 
tile  and  lacustrine  origin.  Some  of  the  deposits  on  the  south  flanks  of  the  Himalayas 
in  northern  India  and  in  the  Gobi  Desert  region  of  Mongolia  have  yielded  rich  remains 
of  land  vertebrates.  The  loess  deposits  of  northwestern  China  and  adjacent  terri- 
tory are  one  of  the  chief  examples  of  this  type  of  eolian  deposits  in  the  world.  The 
broad  alluvial  plains  and  deltas  of  the  Ganges,  Yangtze,  and  Hwang  Ho  occupy 
thousands  of  square  miles  and  support  the  densest  population  of  any  part  of  the  globe. 
The  Himalayas  and  other  lofty  mountain  range*  of  the  continent  were  formed  in 
Cenozoic  time. 

Australia. — Sedimentary  and  volcanic  rocks  of  Conozoic  age  are  well  developed  in 
Australia,  being  chiefly  found  in  the  southern  and  southeastern  parts  of  the  continent.' 

The  sedimentary  and  voloinie  rocks  of  most  of  the  East  Indies  and  the  islands 
of  Oeeanica  are  of  Oeno/oic  age 

Africa.  -  Marine  formations  of  (Vnozoie,  age  occupy  much  of  northern  Alnea,  and 
they  are  found  to  some  extent  in  western  Madagascar.  Continental  deposits  con- 
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taining  fossil  bones  are  known  in  Egypt.     Desert  sands  and  river  deposits,  as  in  the 
plain  and  delta  of  the  Nile,  are  very  recent  deposits  that  cover  a  large  area. 

South  America. — Cenozoic  formations  in  South  America  are  most  widespread  in 
Argentina,  Bolivia,  and  the  upper  Amazon.  Deposits  of  considerable  thickness  but 
small  areal  extent  occur  in  Venezuela  and  along  parts  of  the  Pacific  Coast.  The  great 
elevation  of  the  Andes  mountain  chain  and  the  occurrence  of  much  volcanic  activity 
in  this  region  are  features  of  Cenozoic  history. 

SUMMARY 

The  Cenozoic  formations  are  mainly  unconsolidated  marine  and 
nonmarine  deposits.  In  North  America  they  comprise  the  outer  portion 
of  the  Atlantic  and  Gulf  Coastal  Plains  and  they  form  the  covering  of 
a  large  part  of  the  High  Plains  region  east  of  the  Rocky  Mountains. 
Nonmarine  sedimentary  formations,  that  are  locally  of  great  thickness, 
and  volcanic  deposits  occur  in  many  parts  of  the  mountain  and  plateau 
country  of  western  North  America.  Cenozoic  deposits  of  the  Pacific 
Border  are  very  thick  and  are  mainly  marine.  A  relatively  thin  cover  of 
glacial  deposits  extends  over  much  of  the  northern  part  of  the  continent. 

Cenozoic  deposits  are  widespread  and  prominent  in  all  of  the  other 
continents. 

Almost  all  features  of  existing  landscapes  have  their  origin  or  owe 
distinctive  characters  to  conditions  and  processes  of  Cenozoic  geologic 
history. 


CHAPTER  XXVII 

FORMATIONS  AND  PHYSICAL  HISTORY  OP  TERTIARY 

TIME 

The  Cenozoic  era,  or  era  of  " recent  life,"  comprises  two  geologic 
periods  of  very  unequal  time  value,  the  Tertiary,  which  is  relatively 
long,  and  the  Quaternary,  which  is  short.  The  names  Tertiary  and 
Quaternary  are  an  inheritance  from  the  early  days  of  geology  when  the 
rocks  were  grouped  in  four  time  divisions.  Although  the  Tertiary  is 
in  no  sense  " third,"  the  term  is  so  firmly  fixed  in  geologic  writing  that 
it  will  probably  always  remain. 

Definition  and  General  Character. — The  base  of  the  Tertiary  system 
is  defined  in  most  places  by  an  unconformity.  The  marine  faunas  of  the 
Early  Tertiary  and  Late  Cretaceous  are  very  distinct,  as  are  also,  in 
general,  the  remains  of  land  life.  Determination  of  the  precise  Cre- 
taceous-Tertiary boundary  in  western  North  America  is  a  problem, 
however,  that  was  discussed  in  the  chapter  on  the  Cretaceous. 

The  top  of  the  Tertiary  is  marked  by  changes  in  marine  and  non- 
marine  sedimentation  associated  with  the  advent  of  glacial  climate  in 
the  latter  part  of  Cenozoic  time. 

The  Tertiary  formations  are  broadly  distinguished  by  the  uncon- 
solidated  or  partially  consolidated  nature  of  the  sediments.  This 
does  not  mean  that  hard  rocks  are  lacking,  for  there  are  tightly  cemented 
beds  among  both  the  land  deposits  and  those  formed  in  the  sea.  Resist- 
ant strata  are  very  much  less  prominent  on  the  average,  however,  than 
in  older  systems.  Much  of  the  low  coastal  plains  on  the  eastern  and 
southern  sides  of  the  continent,  and  to  a  lesser  extent  on  the  west,  is 
composed  of  these  weak  rocks. 

The  marine  Tertiary  formations  include  shale,  sandstone,  and  lime- 
stone or  marl.  The  shale  beds  are  mostly  sandy  or  clayey  in  character 
and  are  commonly  bluish  or  other  dark  color.  They  are  very  soft  and 
easily  eroded,  except  in  a  few  cases  such  as  parts  of  the  Pacific  Coast 
Miocene  siliceous  shale  (Monterey).  The  sand  deposits  are  mostly 
rather  impure  and  silty,  lenticular,  or  grading  laterally  into  shale. 
Some  of  the  limestone  formations  are  fairly  hard  and  dense,  some  are 
coquina-like  masses  of  shell  fragments,  and  some  are  soft  earthy  marls. 
The  logs  of  deep  wells  drilled  in  the  Tertiary  strata  of  the  Gulf  Coastal 
Plain  commonly  record  "boulders,"  which  are  hard  thin  beds  or  con- 
cretionary masses  in  the  soft  sediments.  A  prominent  type  of  sediment 
in  parts  of  the  marine  Tertiary  deposits  is  glauconite  or  greensand,  a 
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ferrous  aluminum  silicate  I  ha  I  is  deposited  on  the  sea  bottom  in  small 
rounded  grains,  often  identifiable  as  the  tilling  of  minute  foraminiferal 
shells. 

The  nonmarine  Tertiary  is  made  up  of  shale,  sandstone,  conglomerate, 
coal,  and  fresh-water  limestone.  In  addition  there  are  great  thicknesses 
of  wind-blown  and  water-laid  volcanic  materials — tuffs,  agglomerates, 
ash  beds,  and  the  like.  The  shaly  deposits  vary  widely  in  lithologic 
characters,  thickness,  and  areal  extent.  Like  the  conglomerate  and 
much  of  the  sandstone,  a  majority  of  the  shale  beds  are  fluviatile  in 
origin.  Lake-deposited  shale,  distinguished  by  even  bedding  and 
uniformity  of  character  over  a  considerable  territory,  also  occurs  in  the 


FIG.  313. — Delicately  tinted  and  fantastically  carved  early  Tertiary  rocks  (Wasatch)  in 
Bryce  Canyon,  Utah.      (G.  L.  Beam,  National  Parks  Association.) 

Tertiary  formations  of  the  Continental  Interior.  Some  of  the  sandstone 
beds  are  clearly  channel  fillings  and  stream-borne  sheets  or  lenses;  others 
are  very  irregularly  cross-bedded  wind-blown  sands.  The  thickness  of 
sandstone  is  measured  locally  in  scores  of  feet.  Coal  beds  are  numerous 
and  extensive  in  parts  of  the  Tertiary.  The  plant  material  is  less 
changed  than  in  most  of  the  older  coal  deposits,  and  most  of  the  beds 
may  properly  be  called  lignites.  Limestone  is  not  abundant  in  the 
nonmarine  Tertiary  but  there  are  a  few  lake  beds  consisting  of  fairly 
pure  limestone.  Also,  calcium  carbonate  is  a  prominent  constituent 
or  cementing  material  of  some  of  the  Tertiary  deposits  of  the  High 
Plains,  forming  the  so-called  "mortar  beds."  Volcanic  sedimentary 
materials  are  most  abundant  in  some  of  the  mountain  areas,  like  the 
San  Juan  region  of  southwestern  Colorado,  where  there  was  great  volcanic 
activity  during  this  period. 
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Classification. — The  main  divisions  of  the  Tertiary  rocks  are  estab- 
lished on  studies  of  the  deposits  in  western  Europe.  Very  fossiliferous 
partially  consolidated  strata  that  are  in  part  marine  and  in  part  non- 
marine  occur  there  in  a  gentle  structural  basin.  The  alternation  of  the 
two  types  of  deposits  makes  possible  a  precise  correlation  of  changing 
characters  of  the  marine  faunas  with  the  similarly  changing  land  plants 
and  animals.  There  are  also  physical  and  faunal  breaks  in  the  succession 
of  these  strata  that  have  led  to  recognition  of  four  series,  named  in  order 
from  oldest  to  youngest  (1)  Eocene,  (2)  Oligocene,  (3)  Miocene,  and  (4) 
Pliocene.  These  names  were  intended  to 
indicate  the  proportion  of  modern  species  of 
marine  invertebrates  that  is  found  in  the  fossil 
faunas.  Thus,  Pliocene  means  "more  recent," 
indicating  that  a  majority  of  the  fossils  belong 
to  living  species;  Miocene  means  "less  recent," 
Oligocene,  "few  recent,"  and  Eocene  "dawn 
of  the  recent."  This  scheme  of  nomenclature, 
devised  by  the  great  English  geologist  Charles 
Lyell,  is  less  desirable  than  the  use  of  geographic 
names,  but  here  again  long  usage  gives  standing. 
There  is  a  much  closer  approach  to  modern 
species  in  the  Pliocene  than  in  older  divi- 
sions of  the  Tertiary  but  critical  study  FlG-  314°arles  LyeU 
reveals  differences  in  Pliocene  and  Recent 
species  that  are  of  decided  stratigraphic  value. 

Study  of  the  transitional  deposits  that  largely  connect  the  Mesozoic 
and  Cenozoic  has  led  to  introduction  of  the  term  Paleocene  for  certain 
beds  that  are  distinguished  by  the  very  primitive  character  of  their 
fossil  mammals.  Since  an  important  unconformity  separates  the 
Paleocene  from  overlying  Eocene  strata,  the  former  should  possibly  be 
assigned  rank  as  a  series  like  the  latter. 

From  some  angles  it  is  convenient  and  desirable  to  divide  the  Tertiary 
into  two  major  parts,  an  older  and  a  younger.  The  older  division, 
including  Paleocene,  Eocene,  and  Oligocene,  is  thus  called  Eogene,  and 
the  younger  division,  including  Miocene  and  Pliocene,  is  called  Neogene. 

As  in  the  case  of  each  of  the  older  geologic  systems,  there  are  very 
many  local  stratigraphic  units  to  which 'geographic  names  are  applied. 
To  some  extent  these  are  combined  in  groups  of  formations,  and  the 
groups  in  turn  compose  series,  but  the  serious  student  of  Tertiary 
deposits  is  confronted  by  a  bewildering  array  of  formation  names. 

TERTIARY  FORMATIONS  OF  NORTH  AMERICA 

The  Tertiary  formations  of  North  America  may  be  grouped  broadly 
in  three  regional  divisions  (1)  the  Atlantic'  nnd  Gulf  Border,  including 
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most  of  the  Coastal  Plain  from  New  Jersey  to  Yucatan  and  part  of  the 
West  Indies,  (2)  the  Western  Interior,  comprising  most  of  the  High 
Plains  and  many  parts  of  the  mountain  and  plateau  country  farther  west, 
and  (3)  the  Pacific  Border,  including  chiefly  outcrops  in  California  and 
western  Oregon  and  Washington.  The  first  of  these  geographic  divisions 
is  distinguished  by  prominence  of  marine  deposits  containing  an  Atlantic 


FIG.  315. — Map  of  North  America  showing  outcrop  areas  of  Tertiary  sedimentary 
formations  (black)  and  the  inferred  area  of  original  distribution  of  Tertiary  sediments 
(oblique  shading)  including  territory  in  which  Tertiary  beds  are  concealed  by  Quaternary 
deposits.  (V.  R.  D.  Kirkham,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry 
HoU  <fc  Company.) 


fauna;  the  second  consists  exclusively  of  continental  deposits;  and  the 
third  contains  marine  formations  that  carry  faunas  of  Pacific  origin. 
Nonmarine  beds  occur  in  the  Tertiary  of  the  east  and  west  coasts  but 
they  are  subordinate  to  the  marine  strata. 

A  vast  amount  of  igneous  rock  of  Tertiary  age  is  found  in  western 
North  America  (Pig.  329), 
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Atlantic  and  Gulf  Border 

The  northeasternmost  outcrops  of  Tertiary  rocks  in  North  America 
appear  in  islands  off  the  southern  New  England  coast.  The  Coastal 
Plain  composed  largely  of  Tertiary  sediments  formerly  extended  much 
farther  north  than  now,  for  soundings  in  the  Gulf  of  Maine  and  on  the 
Grand  Banks  indicate  the  existence  of  submerged  landf acing  cuestas,  and 
dredgings  have  brought  up  Tertiary  fossils.  Beginning  in  east  central 
New  Jersey,  the  Coastal  Plain  becomes  gradually  wider  southward. 
It  occupies  nearly  half  of  Georgia  and  Alabama,  all  of  Florida,  all  but 
the  northeastern  corner  of  Mississippi,  and  reaches  northward  to  southern 
Illinois.  West  of  the  Mississippi  River  the  inner  border  of  the  plain 
trends  rather  regularly  southwestward  across  central  Arkansas  and 
Texas  into  Mexico.  The  width  of  the  plain  ranges  from  about  150  to 
400  miles.  South  of  the  Rip  Grande  the  plain  is  narrow  except  in 
Yucatan.  Much  the  largest  part  of  this  extensive  lowland,  3,000  miles 
long,  is  composed  of  Tertiary  formations  and  the  area  of  Tertiary 
exposures  is  almost  unbroken  from  one  end  of  the  plain  to  the  other.  The 
Tertiary  underlies  all  but  the  inner  edge  of  the  Coastal  Plain,  which  is 
composed  of  Cretaceous  rocks.  In  many  places  on  the  seaward  side 
and  along  the  Mississippi  Valley  the  Tertiary  beds  are  concealed  by 
Quaternary  deposits. 

The  thickness  of  the  Tertiary  strata  of  the  Atlantic  and  Gulf  Coastal 
Plain  ranges  up  to  an  estimated  maximum  in  the  Mississippi  embayment 
of  about  30,000  feet.  The  average  total  thickness  probably  exceeds 
3,000  feet,  but  because  of  the  great  variation  in  different  regions  this 
figure  is  only  a  rough  approximation.  Since  practically  all  of  the 
Tertiary  sediments  of  the  Coastal  Plain  were  deposited  near  sea  level, 
the  fact  that  thickness  is  measured  in  thousands  of  feet  means  that  slow 
subsidence  has  affected  the  margin  of  the  continent  as  sedimentation 
proceeded. 

The  structure  of  the  plains  formations  is  simple.  The  beds  dip 
seaward  at  a  very  gentle  angle,  mostly  about  20  to  30  feet  to  the  mile. 
The  older  Tertiary  rocks  are  slightly  more  steeply  inclined  than  the 
younger,  which  means  that  the  thickness  of  the  Tertiary  is  greater  near 
the  sea  than  at  the  outcrop.  It  is  undoubtedly  true,  however,  that  this 
divergence  between  lower  and  upper  stratigraphic  horizons  does  not 
continue  indefinitely,  for  each  Tertiary  formation  and  the  Tertiary  as 
a  whole  must  become  thinner  at  a  distance  from  land.  The  cross-sec- 
tional form  of  the  Tertiary  deposits,  which  would  be  revealed  by  a 
vertical  cut  at  right  angles  to  the  strike,  may  be  pictured  as  a  great  lens 
that  is  thickest  at  some  intermediate  point  between  the  landward  margin 
and  the  thin  seaward  continuation  in  the  oceanic  oozes, 
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The  Coastal  Plain  Tertiary  formations  consist  partly  of  marine  and 
partly  of  nonmarine  deposits.  The  former  are  shallow-water  muds, 
sands,  and  limestones  and  their  presence  far  inland  from  the  m6dern 
coast  line  shows  that  the  continent  was  less  extensive  during  most  of 
Tertiary  time  than  now.  The  nonmarine  sediments  consist  chiefly  of 
river-laid  clay,  silt  and  sand,  and  swamp  beds.  Deltaic  materials  are 
especially  prominent  in  the  Mississippi  embayment.  Deep  drilling  in 
parts  of  the  plains  has  shown  the  existence  of  marine  beds  that  are 


FIG.  316. — Geologic  map  of  a  part  of  the  Atlantic  Coastal  Plain  near  Washington, 
D.  C.,  showing  Cretaceous  beds  at  the  inner  margin  of  the  plain,  a  belt  of  Eocene  rocks  east 
of  the  Cretaceous  area,  and  Miocene  deposits  covering  a  large  territory  toward  the  Atlan- 
tic. (C.  W.  Cooke,  U.  S.  Oeol.  Survey.) 

equivalent  to  nonmarine  formations  at  the  outcrop;  that  is,  the  exposed 
continental  sediments  grade  into  or  interfinger  with  contemporaneous 
marine  sediments  in  a  seaward  direction. 

Eocene  Formations. — Beds  of  Eocene  age  are  found  from  one  end 
of  the  Coastal  Plain  belt  to  the  other.  They  rest  with  well-defined 
unconformity  on  Cretaceous  rocks,  or  locally  on  folded,  erosion-beveled 
Paleozoic  or  pre-Cambrian  crystalline  rocks.  The  outcrop  of  the 
Eocene  formations  occurs  at  the  inner  margin  of  the  Tertiary  belt, 
forming  a  band  parallel  to  and  between  the  outcrop  belts  of  the  Cre- 
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taceous  and  younger  Tertiary.  The  northern  part  of  the  Atlantic 
Coastal  Plain — that  is,  north  of  South  Carolina — contains  only  discon- 
nected Eocene  outcrops  because  the  Miocene  overlaps  and  entirely 
conceals  the  Eocene  in  several  places.  The  discontinuity  of  the  outcrop 
does  not  at  all  mean  that  Eocene  formations  are  lacking  beneath  parts 
of  the  plain  that  lie  seaward  from  the  breaks  in  the  Eocene  outcrop  belt. 
From  South  Carolina  the  Eocene  may  be  followed  in  a  broad  belt  south- 
westward,  westward,  and  then  northward  to  the  southern  tip  of  Illinois. 
An  extension^  occupying  most  of  northwestern  Florida  is  the  central 
part  of  a  broad  anticline,  the  west  flank  of  which  is  submerged  by  the 
Gulf  of  Mexico.  Along  the  Mississippi,  fluviatile  deposits  of  Recent  age 
conceal  the  Eocene  in  an  area  amounting  to  several  thousand  square 
miles,  but  across  southern  Arkansas,  northwestern  Louisiana,  and  south- 
eastern Texas  the  Eocene  outcrop  is  a  broad  band  up  to  150  miles  in 
width. 

The  Eocene  of  Maryland  and  Virginia  consists  chiefly  of  glauconitic 
greensands  and  marl  beds  (Pamunkey)  a  little  over  200  feet  thick. 
These  deposits  belong  to  the  early  part  of  the  epoch. 

The  southern  Atlantic  qnd  Gulf  Eocene  is  divided  into  four  groups. 

(1)  The  lowermost  (Midway)  consists  of  marine  limestone  or  marl  and 
some  clayey  and  sandy  beds,  the  total  thickness  ranging  from  about 
150  to  400  feet.     Some  layers  contain  abundant  well-preserved  fossils. 

(2)  The  second  group  (Wilcox)  is  made  up  mainly  of  continental  sedi- 
ments, coarse  to  fine,  generally  cross-bedded  sands,  sandy  clays,  and 
light  or  dark  pure  clays.     The  name  "lignitic"  was  formerly  used  for 
this  group  because  of  the  common  occurrence  of  lignite  beds,  some  of 
which  are  8  feet  thick.     The  thickness  of  the  whole  group  ranges  from 
less  than  100  feet  to  nearly  2,000  feet,  the  average  being  around  500  feet. 
A  large  number  and  variety  of  well-preserved  leaves  of  land  plants  occur 
in  this  part  of  the  Coastal  Plains  Eocene.     Marine  strata  containing 
numerous  fossils  also  belong  here.     (3)  The  third  group   (Claiborne) 
is  essentially  marine.     At  the  type  locality  in  Alabama  the  formations 
belonging  here  consist  largely  of  sandy  materials,  300  to  500  feet  thick. 
Glauconite  is  prominent  and  in  places  deposits  of  brown  iron  ore  have 
been  formed  by  its  decomposition.     Some  beds  are  composed  mainly 
of  oyster  shells  and  some  are  famous  for  the  great  number,  variety,  and 
beautiful  state  of  preservation  of  their  marine  fossils.    The  occurrence 
in  eastern  Georgia  and  South  Carolina  of  strata  belonging  to  this  upper- 
middle  part  of  the  Eocene  directly  overlying  Cretaceous  and  pre-Cam- 
brian  rocks  shows  that  the  Atlantic  extended  farther  inland  at  this  time 
than  previously  in  the  Tertiary  period.    West  of  the  Mississippi,  the 
beds  assigned  to  the  Claiborne  group  include  nonmarine  lignitic  clays 
and  sands;  glauconlte,  limonite,  and  locally  iron  ore  are  prominent;  and 
the  total  thickness  increases  in  places  to  more  than  1,000  feet.     Well- 
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preserved  marine  fossils  are  found  in  many  places  but  they  hardly  rival 
those  from  Alabama.  (4)  The  uppermost  Eocene  group  (Jackson)  is 
typically  developed  in  Mississippi.  The  outcrop,  10  to  30  miles  wide, 
forms  the  so-called  "central  prairie "  which  extends  eastward  across 
Alabama.  The  deposits  consist  of  marl  and  clay  beds,  with  sand  in 
places  at  the  top;  concretionary  limestone  masses  are  common  locally. 
This  part  of  the  Eocene  is  mainly  marine.  The  thickness  ranges  up  to 
560  feet.  An  extension  of  these  rocks  southeastward  occupies  a  large 
area  in  northern  Florida  and  well  records  indicate  that  it  probably  under- 
lies the  entire  peninsula. 

Oligocene  Formations. — The  Oligocene  consists  of  beds  that  are 
classed  together  as  the  Vicksburg  group.  The  formations  are  very  well 
exposed  in  the  Mississippi  River  bluffs  near  Vicksburg  and  outcrops  are 
traced  eastward  as  far  as  South  Carolina  and  Florida.  The  Oligocene 
is  lacking  in  the  northern  Atlantic  plain.  The  deposits  are  marine  and 
some  beds  abound  in  well-preserved  fossils.  The  faunas  are  rather 
sharply  distinguished  from  those  of  the  series  below  and  above  and  are 
sufficiently  similar  to  Oligocene  faunas  of  the  West  Indies  and  Europe 
to  make  correlation  fairly  definite.  Unconformities  and  overlaps 
indicating  crustal  movements  and  considerable  shifting  of  the  sea  in  parts 
of  the  Coastal  Plains  region  serve  further  to  differentiate  the  Oligocene 
strata.  The  marine  Oligocene  does  not  extend  far  west  of  the  Mississippi 
at  the  surface  but  is  penetrated  in  wells  in  eastern  Texas.  The  thickness 
of  this  series  is  mostly  less  than  300  feet. 

Miocene  Formations. — Deposits  of 'Miocene  age  form  the  surface  of 
most  of  the  northern  part  of  the  Atlantic  Coastal  Plain,  that  is,  from 
east  central  North  Carolina  to  Long  Island.  Farther  south,  however, 
in  South  Carolina  and  Florida,  Miocene  outcrops  are  restricted  to  a  few 
small,  disconnected  areas.  Beginning  in  western  Florida,  the  belt  of 
Miocene  outcrop  may  be  followed  almost  continuously  westward  and 
southwestward  into  Mexico.  On  the  side  of  this  belt  toward  the  Conti- 
nent Interior  are  exposures  of  Oligocene  strata  and  on  the  side  toward  the 
Gulf  are  Pliocene  beds. 

The  northern  Atlantic  Coastal  Plains  Miocene  is  best  developed  in 
the  vicinity  of  Chesapeake  Bay.  The  deposits  consist  of  marine  sands, 
clays,  and  marls  which  rest  unconformably  on  Eocene  or  locally  on  pre- 
Tertiary  rocks.  Formations  are  differentiated  on  the  basis  of  distinctive 
faunal  content,  disconformities,  and  to  some  extent  on  lithologic  char- 
acters. The  beds  are  classed  together  under  the  name  Chesapeake 
group.  The  total  thickness  ranges  from  about  400  to  600  feet  but 
northward  in  New  Jersey  the  Miocene  is  only  200  feet  or  less.  Fossils 
are  very  abundant  in  some  beds. 

The  southern  Atlantic  Coastal  Plains  shovjr  Miocene  deposits  that 
differ  in  various  ways  from  those  in  the  Chesapeake  region.  The  for- 
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mations  are  limestones  or  marls  that  contain  a  distinctly  warmer-water 
fauna  than  is  found  in  the  north;  the  outcrop  areas  are  small  scattered 
patches;  the  thickness,  except  in  Florida,  is  less  than  100  feet;  and  the 
Miocene  rests  disconformably  on  Oligocene.  In  eastern  Florida  the 
Miocene  consists  of  porous  or  hard,  dense  limestone  and  siliceous  clay 
that  attains  a  thickness  of  500  feet.  Although  exposures  of  this  lime- 
stone are  not  extensive,  the  formation  extends  beneath  younger  deposits 
to  the  southern  tip  of  the  peninsula. 

The  Gulf  Coastal  Plains  contain  both  marine  and  nonmarine  Miocene 
beds.     The  western  Florida  deposits  consist  of  limestone,  soft  calcareous 


Fio.  317. — Outcrop  of  very  fossiliferous  Miocene  siltstone  (Calvert)  on  Patuxent  Rive? 
Md.      (.V.  H.  Darton,  U.  S.  Geol.  Survey.) 

sand,  and  clay  about  250  feet  thick  but  increasing  in  thickness  westward. 
The  Miocene  of  southern  Mississippi  appears  to  represent  estuarine 
sedimentation.  West  of  the  Mississippi  River  no  outcrops  of  marine 
Miocene  are  known,  although  many  deep  wells  in  southern  Louisiana 
and  southeastern  Texas  encounter  thick  marine  strata  of  this  age.  The 
continental  Miocene  formations  consist  of  cross-bedded  coarse  gray  sands 
with  local  lenses  of  clay  and  conglomerate  and  are  evidently  of  fluviatile 
origin  mainly. 

Pliocene  Formations. — Deposits  of  Pliocene  age  include  (1)  fossil- 
iferous marine  marls  near  the  coast  in  North  and  South  Carolina  and 
in  Florida,  and  (2)  thin  but  extensive  nonmarine  deposits  consisting 
(a)  of  clays,  sands,  and  gravels  that  cover  interstream  areas  of  a  large 
part  of  the  southern  Coastal  Plain,  and  (6)  of  the  Florida  pebble  phos- 
phate beds.  The  nonmarine  materials  range  in  thickness  up  to  200  feet 
but  generally  they  are  less  than  25  feet.  The  unconformity  at  the  base 
is  very  prominent. 

Salt  Domes. — A  peculiar  structural  feature  of  the,  Tertiary  plains  in 
Louisiana,  Texas,  and  Mexico  is  the  occurrence  of  several  scores  of 
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Cylindrical  pluglike  masses  of  salt  that  penetrate  the  Tertiary  strata 
from  below.  These  salt  masses  are  a  mile  or  more  in  diameter,  the  sides 
are  practically  vertical,  and  the  flat,  rounded,  or  conical  top  is  capped 
by  a  varying  thickness  of  anhydrite,  gypsum,  limestone,  and  in  some 
places  sulphur,  which  form  the  so-called  "cap  rock."  In  a  few  cases 
the  salt  reaches  almost  to  the  surface,  which  bulges  upward  in  the  form 
of  a  rounded  hill  above  the  salt  or,  on  the  contrary,  where  solution  is 
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FIG.  318. — Diagram  representing  structural  relations  of  a  Louisiana  salt  dome,  based  on 
evidence  of  deep  wells  in  many  areas,  showing  that  the  source  of  the  salt  is  stratigraphically 
lower  than  at  least  the  upper  part  of  the  Lower  Cretaceous  series.  (Modified  from  H.  V. 
Howe.) 

active,  sags  downward,  forming  a  shallow  brine-filled  saucer.  Drilling 
of  wells  on  and  around  many  of  the  salt  plugs  has  shown  that  the  Tertiary 
beds  are  faulted  and  folded  upward  in  a  zone  surrounding  the  salt.  The 
deeper,  older  beds  are  more  steeply  tilted  than  the  shallower,  younger 
strata.  It  is  known  that  the  salt  must  come  from  a  widespread,  deeply 
buried  source  of  pre-Tertiary  age  and  it  is  clear  that  the  upward  move- 
ment of  the  salt  is  a  result  of  pressure  that  causes  the  relatively  mobile 
salt  to  flow  in  the  direction  of  least  resistance,  which  is  toward  the 
surface.  The  cause  of  the  pressure  is  believed  to  be  simply  the  weight 
of  the  sediments  overlying  the  salt  bed.  The  mechanism  of  the  salt 
flowage  is  analogous  to  that  of  glacial  ice,  which  requires  only  gravitative  ' 
pressure  of  a  sufficient  snow  and  ice  thickness,  or  of  rock  flow,  which 
requires  great  differential  earth  pressures.  The  location  of  the  salt 
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domes  is  probably  controlled  by  places  of  structural  weakness  .in  the 
sediments  and  by  local  inequalities  in  the  thickness  (and  hence  weight) 
of  the  sediments.  It  is  important  to  observe  that  the  salt  has  not  been 
thrust  upward  in  a  single  intrusive  movement,  like  an  igneous  invasion, 
but  has  been  pushed  slowly  through  the  sediments  as  they  were  formed. 
Thus,  the  beginning  of  the  formation  of  the  salt  domes  dates  far  back 
in  the  Tertiary  period  or  even  pre-Tertiary  time. 

The  Gulf  Coast  salt  domes  have  great  economic  importance  because 
of  oil  and  gas  that  is  found  in  the  upturned  Tertiary  strata  around  the 
salt,  and  in  the  cap  rock  above  the  salt.  Salt  and  sulphur  are  also 
produced  from  them. 

The  Caribbean  Region 

Tertiary  formations  occur  throughout  much  of  Cuba,  Porto  Rico,  Haiti,  Jamaica, 
Santo  Domingo,  and  some  lesser  islands  of  the  West  Indies;  also  on  the  mainland  in 
Panama,  Nicaragua,  and  the  Yucatan  peninsula.  Excepting  Middle  Eocene  in 
Jamaica  and  Haiti,  the  oldest  Tertiary  in  this  region  is  Upper  Eocene  which  occurs  on 
all  of  the  larger  islands  except  Porto  Rico.  The  Oligocene  is  extensive  but  relatively 
thin.  Highly  fossiliferous  Miocene  marine  strata  occur  in  Jamaica,  and  beds  of 
similar  age  are  found  in  Santo  Domingo  and  Porto  Rico.  The  presence  and  the  fossil 
content  of  these  Tertiary  formations  are  not  merely  significant  as  to  geological  changes 
in  the  Caribbean  region  but  bear  on  connections  of  the  Atlantic  and  Pacific,  by  means 
of  which  intermigration  of  shallow-water  marine  organisms  living  normally  Ion  the 
east  and  west  coasts,  respectively,  was  permitted  at  certain  times  and  through  absence 
of  a  direct  connection  was  prevented  at  other  times. 

Pacific  Border  Region 

Marine  Tertiary  formations  are  distributed  along  the  Pacific  Border 
of  North  America  from  Lower  California  to  Alaska,  and,  as  in  the  Atlantic 
and  Gulf  Plains,  nonmarine  deposits  are  associated  with  the  marine. 
Unlike  the  Tertiary  in  the  east,  however,  that  of  the  Pacific  region  occurs 
only  in  disconnected  areas,  which  are  mostly  less  than  100  miles  across. 
The  largest  single  area  of  Tertiary  sedimentation  is  a  troughlike  basin 
about  450  miles  long,  of  which  the  present  Great  Valley  of  California 
is  a  remnant.  The  western  Tertiary  does  not  make  a  continuous  broad 
lowland  plain,  but  instead  it  forms  mountains,  hills,  and  valleys.  The 
beds  are  commonly  folded  steeply  and  faulted.  The  total  thickness  of 
the  Pacific  Tertiary  (more  than  40,000  feet)  greatly  exceeds  that  known 
anywhere  in  the  Atlantic  or  Gulf  region.  A  main  reason  for  the  smaller 
size  and  the  scattered  arrangement  of  the  Tertiary  outcrops  is  evidently 
due  to  the  complex  structure — to  the  fact  that  in  many  places  only  the 
edges  of- tilted  beds  appear  at  the  surface. 

Characteristic  of  the  Pacific  Border  Tertiary  is  the  dissimilarity  in 
thickness  and  completeness  of  the  stratigraphic  sequence  in  closely 
adjacent  areas.  That  is  to  say,  a  section  of  Tertiary  strata  in  one  place 
may  have  a  total  thickness  of  less  than  a  thousand  feet  and  may  alto- 
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gether  lack  deposits  of  certain  epochs  and  parts  of  other  epochs ;  but  only 
a  few  miles  distant  (in  general,  on  the  other  side  of  a  prominent  fault 
line)  the  Tertiary  section  may  be  many  thousands  of  feet  thick  and  may 
show  several  formations  that  are  absent  in  the  first  locality.  This 
means  great  irregularity,  in  both  kind  and  amount  of  sedimentation. 
Erosion  of  some  areas  took  place  while  sedimentation  proceeded  in  others 
near-by.  Some  blocks  of  the  earth  crust  tended  mainly  to  be  pushed 


Fro.  319. — Air  photograph  of  folded  and  faulted  Tertiary  rocks  in  Coachella  Valley 
southeast  of  Indio  Hills,  southern  California.  The  fault,  seen  in  the  upper  part  of  the 
view,  is  the  San  Andreas  fault,  which  is  traced  some  hundreds  of  miles  southeastward  from 
San  Francisco.  (From  International  Geol.  Congress  Guidebook  15.  By  permission  Spence 
Airplane  Comjmny.) 

upward  and  they  supplied  much  sediment ;  other  blocks  tended  generally 
to  sink  and  they  received  much  sediment.  The  sedimentary  basins  are 
mainly  fault  troughs.  These  conditions  indicate  that  crustal  adjust- 
ments and  readjustments  took  place  at  frequent  intervals  during  the 
time  of  formation  of  the  West  Coast  Tertiary.  There  is  evidence  that 
the  movements  were  mainly  vertical,  or  perhaps  with  some  horizontal 
components  parallel  to  the  fault  planes.  Indications  of  strong  com- 
pression, such  as  close  folding  and  much  thrust-faulting,  are  not  seen 
generally,  even  though  the  strata  are  very  commonly  tilted  steeply  and 
though  overturned  folds  occur  locally.  Geologic  formation  names  are 
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mostly  applicable  only  in  a  single  district  and  the  number  of  named 
stratigraphic  units  is  very  large. 

A  condition  related  to  those  just  described  is  the  not  infrequent 
occurrence  of  angular  unconformities.  These  unconformities  are  local, 
rather  than  regional;  and  places  where  beds  of  the  entire  Tertiary  section 
lie  parallel  are  much  more  numerous  than  those  in  which  they  are  dis- 
cordant. Nevertheless,  strata  of  Miocene  or  Pliocene  age  are  found 


P  -  Pliocene  -  Pleistocene 

M  -  Miocene 

0  -  Olfeocene 


E  -  Eocene 
K-  Cretaceous 
J  -Jurassic 


FIG.  320. — Diagrammatic  sections  showing  fault-trough  sedimentation  in  part  of  the 
San  Andreas-New  Idrea  fault  zone:  (1)  represents  conditions  in  middle  Miocene  time,  (2) 
middle  Pliocene  time,  (3)  present  time,  which  follows  folding.  (B.  L.  Clark.) 

resting  on  the  eroded  surface  of  tilted  older  Tertiary  beds,  and  Eocene 
beds  lie  with  angular  unconformity  on  other  Eocene  beds. 

Eocene  Formations. — A  widespread  unconformity  marks  the  base 
of  the  Eocene  series.  Locally,  in  Washington,  Oregon,  and  part  of 
California  this  break  is  angular  in  character,  but  more  commonly  the 
stratification  of  the  Eocene  beds  is  parallel  to  that  of  the  Upper  Cre- 
taceous. The  Eocene  deposits  are  chiefly  marine  and  consist  mostly 
of  greenish  gray,  fine  and  coarse  sandstone  and  shale.  Conglomerate 
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occurs  at  the  base  in  places  and  diatomaceous  shale  forms  the  upper 
part  of  the  Eocene  in  the  southern  portion  of  the  Great  Valley  of  Cali- 
fornia. Coal  beds  and  brackish-water  deposits  are  found  in  western 
Oregon  and  Washington,  overlying  marine  beds.  The  maximum 
thickness  of  the  Eocene  is  12,000  feet  in  western  Oregon  and  9,000  feet 
in  southern  California. 


FIG.  321. — Air  photograph  of  an  anticline  in  Tertiary  beds,  Kettleman  Hills,  southern 
California.  Tertiary  rocks  penetrated  by  wells  drilled  on  this  anticline  have  been  found  to 
contain  great  quantities  of  oil  and  gas.  (Courtesy  R.  D.  Reed,  The  Texas  Company.) 

On  the  basis  of  the  fossil  faunas  and  unconformities,  the  California 
Eocene  is  divided*  into  four  main  parts:  in  upward  order,  Martinez, 
Meganos,  Domengine,  and  Tejon.  The  Martinez  is  correlated  with  the 

West 


Jurassic  Crdaceous.Eoce 


Pliocene 


FIG.  322A. — Geologic  section  of  folded  Mesozoic  and  Tertiary  beds  in  the  vicinity  of 
San  Francisco  Bay,  California.  The  section  extends  eastward  from  Berkeley.  (San 
Francisco  folio,  U.  S.  Geol.  Survey.) 

Midway  group  of  the  Gulf  Coast  area,  the  Meganos  with  the  Wilcox, 
the  Domengine  with  lower  Claiborne,  and  the  Tejon  with  upper  Clai- 
borne.  In  places  the  uppermost  Eocene  overlaps  all  of  the  lower  divisions 
and  is  found  resting  directly  on  Cretaceous  rocks,  or  even  on  granite, 
The  Coast  Range  of  Oregon  contains  a  large  thickness  of  Eocene  rocks 
which  include  marine  sandstone  and  shale  containing  much  material 
of  igneous  origin  derived  from  contemporaneous,  and  possibly  earlier. 
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lava  flows  and  tuff  beds.  At  the  top  are  brackish-water  deposits  and 
coal  beds.  Most  of  the  Eocene  rocks  of  the  Coast  Ranges  are  marine, 
and  the  greater  part  (Cowlitz)  is  correlated  with  the  Tejon.  The 
Puget  Sound  region  of  northwestern  Washington  contains  several 
thousand  feet  of  sandy  beds  (Puget  group)  that  are  brackish-  and  fresh- 
water in  origin.  The  upper  part  of  these  deposits  may  belong  to  the 
Oligocene  series.  Coal  beds  are  numerous  and  remains  of  land  plants 
are  abundant.  Igneous  rocks,  sands,  and  conglomerate  on  the  Olympic 
Peninsula  are  associated  with  marine  fossils  indicating  Eocene  age. 

Oligocene  Formations. — Deposits  of  Oligocene  age  are  found  in  several 
parts  of  the  Pacific  Coast  region  but  are  best  developed  in  Washington, 
where  three  distinct  faunal  horizons  are  recognized.  The  lower  and 
middle  of  these  faunas  are  warm  temperate  or  subtropical,  and  it  is 
especially  interesting  to  note  their  occurrence  as  far  north  as  southern 
Alaska.  The  upper  fauna  indicates  slightly  cooler  conditions.  Oligocene 
marine  (San  Lorenzo)  and  nonmarine  deposits  (Sespe,  in  part)  are  well 
distributed  in  California.  Beds  culled  Sespe,  which  are  about  6,000 
feet  thick  northwest  of  Los  Angeles,  have  been  recently  found  to  include 
some  Eocene  and  probably  a  considerable  thickness  of  lower  Miocene. 
The  continental  Oligocene  consists  of  conglomerates,  sandstones,  and 
shales  of  varied  colors  but  includes  especially  red  beds. 

Miocene  Formations. — Marine  formations  of  Miocene  age  are  widely 
distributed  along  the  Pacific  Border,  attaining  a  maximum  thickness 
of  about  12,000  feet  in  part  of  southern  California.  A  disconformity 
occurs  in  many  places  at  the  base.  Some  exposures  show  Miocene  resting 
directly  on  Eocene,  indicating  nondeposition  or  erosion  of  Oligocene 
deposits,  and  some  show  the  Miocene  on  pre-Tertiary  rocks.  These 
relations  indicate  the  occurrence  of  significant  geographic  changes  which 
introduced  Miocene  lime. 


Miocene 


FIG.  322B. — Continuation  of  322A.     Note  unconformities  at  the  base  of  the  Cretaceous, 
Eocene,  and  Pliocene.     Miocene  beds  are  absent  in  the  west  part  of  the  section. 

Two  chiffr  divisions  of  the  Pacific  Coast  Miocene  are  generally 
distinguishecjjSknd  these  in  turn  are  subdivided  on  lithologic  and  faunal 
grounds.  „  Th^  lower  of  the  two  main  groups  (called  Monterey)1  consists 

1  A  great  deal  of  confusion  appears  to  exist  in  some  of  the  Miocene  correlations  of 
California,  as  a  result  of  too  much  reliance  on  lithologic  comparisons.  For  example, 
recent  paleontologic  work  indicates  that  the  type  Monterey  is  upper  Miocene,  although 
this  name  has  been  applied  to  the  lower  part  of  the  Miocene  series. 
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mainly  of  shale  in  which  the  siliceous  skeletons  of  diatoms  are  commonly 
very  abundant.  These  microscopic  plants  are  considered  to  be  a  probable 
source  of  much  of  the  California  petroleum.  Foraminifera  and  many 
kinds  of  molluscan  shells  occur  also.  The  upper  group  (San  Pablo) 
contains  much  sandy  material,  including  in  places  thick  and  coarse 
arkosic  sandstones  but  elsewhere  sandy  and  clayey  shale.  The  most 
extensive  inundation  of  Miocene  time  took  place  very  late  in  the  epoch 
(late  San  Pablo),  when  many  of  the  persistent  land  masses  (positive 
elements)  of  the  coastal  region  were  submerged. 

Pliocene  Formations. — The  Pliocene  of  the  Pacific  region  includes 
many  locally  named  deposits,  some  of  which  are  marine  and  some  conti- 


Fio.  323.— Upper  Miocene  beds,  Fresno  County,  Calif.      (F.   M.  Anderson,   U.  S.  GeoL 

Survey.) 

nental.  Lithologic  characters  and  thickness  vary  greatly.  Some  of 
the  marine  faunas  are  cold-temperate  or  boreal,  presaging  the  glacial 
climates  of  Pleistocene  times.  In  the  Ventura  region  northwest  of 
Los  Angeles,  more  than  15,000  feet  of  Pliocene  marine  shaly  and  sandy 
beds  are  measured,  but,  in  places  not  far  distant,  deposits  of  this  age 
are  thin  or  absent.  Nonmarine  Pliocene  strata,  consisting  of  conglomer- 
ate, sandstone,  and  shale,  in  places  associated  with  igneous  rocks  (lava 
and  tuff),  are  well-known  in  the  Great  Valley  of  California,  in  the  Mount 
Diablo  and  Berkeley  Hills  regions  near  San  Francisco,  and  elsewhere. 
The  thickness  of  these  beds  locally  exceeds  8,000  feet. 

The  Continental  Interior 

A  large  part  of  the  Western  Interior  of  North  America  is  covered  by 
Tertiary  rocks  of  sedimentary  and  igneous  origin  (Figs.  315,  329). 
The  aggregate  area  of  these  outcrops  considerably  exceeds  that  of 
all  the  border  regions.  The  rocks  of  the  Continental  Interior  differ  from 
those  of  the  Coastal  Plains  in  that  (1)  none  of  the  sediments  is  marine, 
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FIQ.  324. — Generalized  sections  of  the  Tertiary  system  in  selected  areas. 
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(2)  limestones  and  marls  are  almost  lacking  (except  in  the  Eocene  Green 
River  formation)  but  sandstone  and  conglomerate  are  very  common,  and 

(3)  igneous  rocks,  including  lava,  tuff,  agglomerate,  ash,  and  intrusive 
material,  are  proportioi^ally  and  quantitatively  very  important.     Because 
of  the  considerable  topographic  relief  of  many  parts  of  the  region  con- 
taining these  beds  and  because  of  lithologic  characters  of  the  beds, 
the  outcrops  of  the  Tertiary  show  a  variety  of  interesting  scenic  features, 
including  varicolored  and  fantastically  carved  mesas,  cliffs,  and  badlands. 
Other  parts  of  the  Continental  Interior  Tertiary  areas  are  featureless 
plains.     The  igneous  rocks  form  lofty  mountains  arid  also  broad  plateaus 
and  plains. 

The  outstanding  characters  of  the  Tertiary  formations  in  this  region 
are  dominance  of  clastic  materials  and  variation  in  the  deposits  from  place 
to  place.  The  chief  agent  of  sedimentation  was  running  water.  The 
basins  between  mountain  uplifts  were  filled  by  alluvial  fan  materials, 
flood-plain  sediments,  sheet  wash,  and  in  smaller  degree  lake  deposits 
and  wind-blown  sand  and  dust.  The  basins  were  partly  isolated  and 
disconnected,  but  in  the  Wyoming  and  adjacent  region  and  in  the  plains 
country  east  of  the  Rockies  extensive  sheets  of  continuous  formations 
were  made.  The  thickness  of  the  continental  Tertiary  deposits  ranges 
from  less  than  100  feet  to  many  thousands  of  feet.  In  general,  the 
Tertiary  (mainly  older  Tertiary)  of  the  western  intermontane  basins 
is  very  thick,  but  that  (mainly  younger  Tertiary)  of  the  plains  east  of 
the  Rockies  is  thin. 

Eocene  Formations. — Formations  of  Eocene  age  are  widespread. 
Some  of  the  most  important  areas  are  (1)  the  San  Juan  Basin  of  north- 
western New  Mexico  and  southwestern  Colorado,  (2)  the  Trinidad 
and  Denver  districts  east  of  the  Rockies  in  Colorado,  (3)  the  Uinta 
Basin  in  northeastern  Utah  and  northwestern  Colorado,  (4)  the  Green 
River  and  Wind  River  basins  in  southwestern  Wyoming,  (5)  the  Big- 
horn Basin  in  northwestern  Wyoming,  (6)  a  great  territory  in  eastern 
Wyoming,  Montana,  and  the  western  Dakotas,  and  (7)  another  large 
area  in  Alberta.  The  formations  in  these  various  places  are  not  precisely 
equivalent.  Older  Eocene  is  prominent  in  some  but  unimportant  or 
lacking  in  others,  and  younger  Eocene  is  very  thick  in  some  basins  while 
absent  in  others.  These  conclusions  are  based  mainly  on  observation 
of  the  distribution  of  fossil  mammals.  Broadly  speaking,  the  most 
primitive  types  occur  in  the  oldest  deposits  and  more  advanced  kinds 
in  the  younger.  The  succession  of  mammalian  faunas  is  not  completely 
recorded  in  the  Eocene  section  of  any  one  basin  but  must  be  pieced 
together  from  studies  in  different  areas.  Because  knowledge  of  the 
animal  life  of  the  epoch  is  fragmentary,  in  spite  of  the  host  of  species 
obtained  by  long  collecting,  and  because  variations  due  to  geography 
and  environment  are  difficult  to  evaluate,  it  is  not  possible  in  all  casea 
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to  determine  the  precise  relations  of  deposits  in  different  districts.  The 
problem  is  really  a  complex  one.  As  commonly  recognized,  the  main 
ages  or  stages  within  the  Eocene  are,  in  order  from  oldest  to  youngest, 
(1)  Fort  Union,  (2)  Wasatch,  (3)  Green  River,  (4)  Bridger,  and  (5) 
Uinta. 

The  Fort  Union  beds  consist  mostly  of  thick  irregularly  cross-bedded, 
light-colored  sandstone  and  dark  shale.  Coal  beds  are  prominent  in 
parts  of  the  northern  Eocene  districts.  Locally  the  natural  burning 
of  these  coals  has  so  heated  and  baked  the  adjacent  shaly  rocks  as  to 


FIG.  325. — Coarse  conglomerate  of  early  Eocene  (Wasatch)  age,  near  Thistle,  Utah. 
A  great  mountain-making  movement,  comprising  part  of  the  Laramide  revolution,  shortly 
preceded  deposition  of  the  Wasatch  beds.  Materials  derived  from  the  erosion  of  the 
mountains  and  other  highlands  are  found  in  the  Eocene  deposits  of  the  west.  (E.  M. 
Spieker,  U.  S.  Gcol.  Survey.) 

produce  a  hard  reddish  bricklike  mass  that  may  be  traced  for  miles. 
The  sandstones  make  prominent  escarpments.  The  average  thickness 
of  the  Fort  Union  beds  is  about  1,000  feet  and  the  maximum  more  than 
8,000  feet.  The  Fort  Union  (and  adjacent  Lance)  strata  are  in  a  sense 
transition  deposits  between  Cretaceous  and  Tertiary  and  are  set  off  by 
some  in  a  separate  series  called  Paleocene. 

The  Wasatch  beds  include  variegated  clays,  shales,  fresh-water 
limestones,  coals,  sandstones,  and  conglomerates.  Deposits  of  this 
age  are  very  widely  distributed  and  a  prominent  unconformity  is  generally 
present  at  the  base.  The  "Pink  Cliffs,"  at  the  margin  of  the  High 
Plateaus  of  soul  horn  Utah  (Kip;.  237),  aro  composed  of  Wasatch  deposits, 
(he  coloring  and  local  elaborate  carving  of  which  produce  such  unusual 
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scenic  features  as  Bryce  Canyon  (Fig.  313).  The  thickness  of  Wasatch 
beds  ranges  up  to  about  7,000  feet,  but  it  is  mostly  much  less. 

The  Green  River  formation  consists  mainly  of  lake  deposits  that 
covered  an  area  of  50,000  square  miles  or  more  in  northwestern  Colorado, 
Utah,  and  Wyoming.  The  beds  are  mostly  thin  and  very  evenly  strati- 
fied. Shale  predominates,  and,  because  of  the  large  organic  content 
of  many  layers  that  yield  oil  on  distillation,  the  beds  are  called  oil  shale. 
Sandstone  and  limestone  also  occur.  The  thickness  of  the  Green  River 
formation  ranges  up  to  2,000  feet. 

The  Bridger  and  I'inta  beds  are  shaly  and  sandy  deposits  that  are 
mainly  of  flu  via  t  ile  origin.  They  are  typically  developed  in  southwestern 
Wyoming  and  northeastern  Utah,  where  the  total  thickness  is  approxi- 


FIG.  326. — Evenly  bedded  deposits  of  an  Eocene  lake.  Green  River  shale  in  north- 
eastern Utah  near  Watson.  This  formation,  which  extends  over  much  of  northwestern 
Colorado  and  into  southwestern  Wyoming,  contains  rich  oil  shale  beds.  (D.  E.  Win- 
chester, U.  S.  Geol.  Survey.) 

mately  3,000  feet.  A  number  of  fossil  zones  are  recognized,  each  of 
which  is  distinguished  by  a  certain  group  of  mammals. 

Oligocene  Formations. — Continental  deposits  of  Oligocene  age  are 
known  in  the  western  United  States  chiefly  from  two  regions,  the  northern 
Great  Plains  and  north  central  Oregon.  The  Big  Badlands  southeast 
of  the  Black  Hills  in  South  Dakota  afford  the  best  exposures  of  the  plains 
Oligocene,  which  is  called  White  River.  The  sands  and  clay,  containing 
numerous  remains  of  mammals,  rest  unconformably  on  eroded  Cre- 
taceous rocks.  The  total  thickness  of  the  Oligocene  is  about  800  feet. 
The  Oregon  locality  (John  Day  Basin)  shows  some  hundreds  of  feet  of 
shale,  ash,  tuff,  and  lava  beds,  that  are  well-known  because  of  finely 
preserved  leaves  and  mammal  fossils  found  in  them. 

Miocene  and  Pliocene  Formations. — Later  Tertiary  deposits  are 
most  extensive  in  the  Great  Plains  country  reaching  from  South  Dakota 
to  Texas.  Clay,  sand,  and  gravel  deposited  by  streams  that  flowed 
eastward  from  the  Rockies  contain  in  various  places  bones  of  mammals 
which  show  tlwl  pnrts  of  the  beds  are  Miocene  and  part  Pliocene  in  age. 
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The  thickness  is  not  great,  being  mostly  less  than  200  feet.  Because  of 
the  pervious  character  of  these  Tertiary  beds  and  the  relatively  impervi- 
ous nature  of  underlying  Cretaceous  strata,  the  former  are  an  important 
source  of  underground  water. 

A  local  but  unusually  interesting  Miocene  deposit  occurs  in  the  Rocky 
Mountains  west  of  Colorado  Springs.     This  is  the  fine,  evenly  bedded 


FIG.  327.— Ohtfo- •   .       i  .     U<h    iliiul.  <    m    the   Badlands   of  South  Dakota  and  north- 
western Nebraska.      Near  Chaciron,  Nebr.      (N.  H.  Darton,  U.  S.Geol.  Survey.) 

silt  and  volcanic  ash  of  an  ancient  lake  in  which  abundant  leaves,  insects, 
and  other  organisms  are  preserved  (Florissant  beds). 

Igneous  Rocks. — The  igneous  rocks  of  Tertiary  age  are  very  important 
in  western  North  America,  for  they  cover  more  than  300,000  square  miles 
and  in  places  are  several  thousands  of  feet  thick.  Eruptive  rocks 
consisting  of  lavas,  tuff,  and  asb  are  predominant  but  there  are  also 


FIG.  328. — Outcrop  of  Pliocene  beds  (Ogallala)  consisting  of  sand  cemented  by  calcium 
carbonate  and  clay.     Ellis  County,  western  Kansas.     (N.  W.  Bass,  Kansas  OeoL  Survey.) 

many  intrusive  masses — dikes,  sills,  plugs,  laccoliths,  and  batholiths. 
Rugged  mountains  composed  of  Tertiary  igneous  rocks  occur  in  the 
San  Juan  region  of  southwestern  Colorado,  the  Mount  Taylor  area  in 
New  Mexico,  the  San  Francisco  and  lesser  mountain  groups  in  Arizona, 
the  Cascades,  and  parts  of  the  northern  Rockies.  Prominent  isolated 
peaks  of  volcanic  origin  such  as  Mounts  Shasta,  Hood,  and  Rainier  are 
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at  least  as  ancient  as  the  later  Tertiary.  Laccolithic  mountains  occur 
in  Utah  (Henry,  La  Sal,  Abajo),  Colorado,  and  other  states.  Plateaus 
and  mesas  capped  or  built  entirely  of  lava  flows  are  widely  distributed 


FIG.  329. — Map  of  North  America  showing  areas  covered  by  volcanic  rocks  of  Tertiary 
age  (black).  (V.  R.  D.  Kirkham,  in  Chamberlin  and  Salisbury's  Historical  Geology,  Henry 
Holt  &  Company.} 

and  some  are  many  thousands  of  square  miles  in  extent.     The  largest  of 
the  plateau  areas  is  in  the  Columbia  and  Snake  River  region  of  Washing- 


Fio.  330.— Geologic  section  of  Tertiary  formations  in  the  Cascade  Mountains  north  of 
Ellensburg,  east  central  Washington  (Mount  Stuart  quadrangle).  Basalt  lava  flows 
totaling  thousands  of  feet  in  thickness  are  an  important  feature  of  the  Eocene  and  Miocene 
rocks  in  this  district.  (U.  S.  Oeol.  Survey.) 

ton,  Oregon,  Nevada,  and  Idaho.  There  are  innumerable  separate  lava 
flows,  one  above  another,  the  average  thickness  being  about  75  feet. 
Occurrence  of  stream-laid  sand  and  gravel  and  in  places  thick  soil  with 
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Htunding  HturnpH  of  Uirge  trectf  between  tho  lava  sheets  prove  that  much 
time  elapsed  between  some  of  the  eruptions.  A  natural  section  of 
volcanic  beds  in  Yellowstone  Park  shows  15  successive  forest  beds,  some 
with  trunks  up  to  10  feet  in  diameter.  The  aggregate  thickness  of  the 
eruptions  in  many  places  is  more  than  5,000  feet. 

Because  of  the  prevalence  of  volcanic  activity  in  the  western  part  of 
the  continent  during  Tertiary  time,  much  of  the  sedimentary  deposits 
in  this  region  consists  of  igneous  materials. 

TERTIARY  FORMATIONS  OF  OTHER  CONTINENTS 
Eurasia 

The  Tertiary  formations  of  Europe  and  Asia  are  essentially  a  unit  and  may  be 
considered  conveniently  together.  The  outcrops  are  very  extensive,  especially  in 
the  Mediterranean  region  and  its  former  eastward  continuation  that  comprises  part 
of  the  sea  called  Tethys.  This  is  a  region  of  very  thick  Tertiary  deposits  and  it  is 
characterized  by  complex  folding  and  faulting  which  are  associated  with  formation  of 
one  of  the  greatest  mountain  chains  of  the  earth.  The  sediments  are  largely  marine 
but  there  are  also  thick  continental  formations. 

Eocene. — Rocks  of  Eocene  age  occur  throughout  most  of  southern  Europe  and 
are  found  in  southeastern  England,  northern  France,  Belgium,  Holland,  and  Germany. 
In  the  Mediterranean  region  the  chief  deposit  is  a  widespread  marine  limestone  that 
in  places  attains  a  thickness  measured  in  thousands  of  feet.  It  is  mainly  composed 
of  the  large  coin-shaped  Foraminifera  called  Nummulites  and  is  hence  known  as  the 
nummulitic  limestone.  This  early  Tertiary  formation  furnished  the  stone,  laboriously 
quarried  and  shaped  in  large  blocks,  that  went  to  the  building  of  the  pyramids  by 
ancient  Egyptians.  The  nummulitic  limestone  occurs  in  Asia  Minor,  Turkestan, 
Persia,  and  the  belt  occupied  by  the  Himalayas  which  in  Eocene  time  was  below  sea 
level. 

The  Paris  Basin  contains  Eocene  beds  that  have  been  much  studied  and  constitute 
the  type  section  for  the  northern  hemisphere.  Marine  limestones  and  calcareous 
sands  of  this  basin  are  especially  famous  for  the  abundance,  variety,  and  perfection 
of  preservation  of  their  invertebrate  fossils.  There  are  also  thick  gypsum  deposits, 
in  which  skeletons  of  mammals  are  found,  and  fresh-water  beds  containing  numer- 
ous plants.  The  vertebrate  remains  are  important  partly  because  they  were  the 
materials  used  by  the  great  naturalist  Cuvier,  in  laying  the  foundations  of  comparative 
anatomy  and  vertebrate  paleontology. 

Oligocene. — The  distribution  and  general  nature  of  Oligocene  formations  in 
Europe  are  not  very  unlike  those  of  the  Eocene.  The  southern  Oligocene  is  chiefly 
marine  and  in  places  very  thick.  The  northern  deposits  occur  in  local  basins,  are  more 
variable  in  lithologic  character,  and  include  normal  marine,  brackish,  fresh-water, 
and  highly  saline  sediments.  There  are  beds  of  brown  coal  (lignite)  in  northern 
Germany,  and  gypsum,  salt,  and  potash  salts  in  Alsace  and  Spain.  Considerable 
volcanic  activity  is  evidenced  by  lava  flows  in  central  Euro^,  the  northwestern  part 
of  the  British  Isles,  and  Iceland.  Southeastern  Europe  and  the  Caucasus  region  of 
western  Asia  contain  very  thick,  relatively  unfossiliferous  deposits  (Flysch)  consisting 
of  water-laid  gravel,  sand,  and  clay. 

Folding  of  Oligocene  and  older  strata  in  the  area  now  occupied  by  the  Alps,  Apen- 
nines, Pyrenees,  Carpathians,  Caucasus,  and  Himalayas  occurred  toward  the  close  of 
the  Oligocene  epoch,  The  mountains  that  were  formed  by  this  extensive  crustal 
movement  began  to  be  eroded  and  supplied  much  coarse  sediment  to  neighboring 
areas  in  Miocene  time. 
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Miocene. — The  marine  formations  of  Miocene  Age  are  mostly  confined  to  the 
southern  part  of  Europe  and  a  belt  that  extends  eastward  across  west  central  Asia. 
Very  fossiliferous  strata  are  found  in  southern  France,  Italy,  and  the  Vienna  Basin  of 
Austria.  Adjacent  to  the  Carpathians  in  Rumania  there  are  lagoonal  deposits  with 
much  salt.  Post-Miocene  compression  of  the  salt-bearing  beds  has  produced  salt 
domes  of  complex  structure.  Salt  is  also  found  in  the  Miocene  of  northern  India. 

Most  of  northern  Europe  is  lacking  in  Miocene  deposits.  Marine  strata  of  this 
age  are  present  in  part  of  Belgium  and  the  Netherlands.  On  the  north  flank  of  the 
Alps  the  Miocene  includes  coarse  conglomerate,  to  about  6,000  feet  thick,  that  was 
derived  from  erosion  of  mountainous  areas  then  existing  to  the  south. 

Renewal  of  mountain-building  near  the  close  of  Miocene  time  caused  deformation 
of  Miocene  beds  and  complicated  the  structures  formed  by  folding  and  faulting  in 
earlier  Tertiary  time.  This  movement  affected  the  sites  of  the  Alps  and  other  chains 
from  the  Pyrenees  eastward  to  the  Himalayas. 

Pliocene. — The  outlines  of  the  Eurasiatic  continent  in  Pliocene  time  were  almost 
those  of  modern  times.  Small  areas  of  marine  deposits  of  this  age  in  southeastern 
England,  Belgium,  Holland,  and  northwestern  Germany  indicate  a  slight  invasion  of 
the  North  Sea.  Italy  and  southern  France  contain  the  chief  marine  Pliocene  beds,  of 
the  Mediterranean  region.  Volcanic  materials  are  found,  especially  in  Italy  and 
Sicily  which  still  contain  active  volcanoes  like  Vesuvius  and  Etna.  Southeastern 
Europe  and  western  Asia  are  covered  by  fairly  extensive  continental  deposits  of 
Pliocene  age. 

Another  important  crustal  disturbance  is  recorded  at  the  close  of  Pliocene  time 
in  the  great  mountain  chains  of  southern  Europe  and  central  Asia.  The  net  result  of 
the  various  deformations  that  have  affected  this  belt  is  witnessed  in  the  extremely 
complex,  highly  contorted  folding  of  beds,  in  the  numerous  low-angle  thrust  faults 
along  which  great  masses  of  rock  have  been  carried  irresistibly  for  many  miles,  and 
in  the  topographic  elevation  of  the  mountain  chains.  Many  of  the  thrust-fault  planes 
have  themselves  been  folded  and  faulted.  Pliocene  marine  strata  have  been  lifted 
at  least  3,000  feet  above  the  sea  in  the  Apennines,  and  the  Eocene  nummulitic  lime- 
stone occurs  at  an  elevation  of  10,000  feet  in  the  Alps  and  nearly  20,000  feet  in  the 
Himalayas.  The  latter  mountains  are  the  loftiest  in  the  world,  the  dominant  peak 
Mount  Everest  rising  to  29,140  feet. 

Africa 

The  Tertiary  formations  of  Africa  occur  chiefly  in  the  northern  part  of  the  conti- 
nent, where  advances  of  the  Mediterranean,  especially  in  Eocene  and  Miocene,  are 
recorded  by  marine  limestone  and  other  sediments.  This  continent  has  been  rela- 
tively stable  and  emergent  during  post-Paleozoic  time. 

Australia 

Only  minor  portions  of  Australia  arc  covered  by  Tertiary  deposits  but  in  places 
there  are  extensive  lava  flows  and  thick  beds  of  volcanic  tuff  of  this  age.  Adjacent 
islands  of  the  East  Indies  contain  thick  Tertiary  formations,  partly  marine  and  partly 
nonmarine.  The  beds  are  strongly  foldexi  and  there  is  evidence  of  considerable 
vulcanism.  These  features  are  also  observed  in  New  Zealand. 

South  America 

Patagonia!  in  the  southern  part  of  South  America,  has  the  largest  area  of  Tertiary 
beds  on  this  continent.  However,  there  are  thick  deposits  of  this  age  along  the 
Pacific  and  the  Caribbean.  The  Andean  chain  was  strongly  elevated  at  or  near  the 
close  of  Tertiary  time. 
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PHYSICAL  HISTORY  OF  TERTIARY  TIME 

The  main  features  in  the  physical  history  of  Tertiary  time,  as  recorded 
by  characters  of  the  Tertiary  formations  that  have  been  described  and 
also  in  part  by  physiographic  characters  of  the  continents,  are  (1)  succes- 
sive marine  invasions  of  the  continental  borders,  (2)  extensive  sedimenta- 
tion by  streams  and  in  smaller  degree  by  lakes  in  parts  of  the  continental 
interiors,  (3)  erosion  of  the  lands,  forming  peneplains  in  many  places, 
(4)  widespread  mountain-building,  and  (5)  vulcanism.  All  of  these 
features  make  contribution  toward  conditions  of  the  present  and  there 
is  a  progressive  approach  during  Tertiary  time  toward  the  modern 
world.  Let  us  review  the  epochs  of  the  period  briefly  in  chronologic 
order,  following  chiefly  the  history  of  North  America. 
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FIG.  331. — Geologic  section  in  the  San  Juan  Mountains  of  southwestern  Colorado  show- 
ing Tertiary  volcanic  rocks  (San  Juan  tuff,  Taj)  and  basal  conglomerate  (Telluride  con- 
glomerate^jTO ,  resting  unconformably  on  Pennsylvanian  (Hermosa  formation,  Chni)  and 
Permian  (Cutler  formation,  Cc)  beds.  In  this  locality  Devonian  (De)  rests  unconformably 
on  strongly  folded  Proterozoic  quartzite  and  slate  (Au,  Aus).  (V.  S.  Geol.  Survey.) 

Eocene  Epoch. — At  the  beginning  of  Eocene  time  the  continent  was 
probably  as  large  as  or  larger  than  now,  for  an  unconformity  occurs 
almost  everywhere  at  the  base  of  the  marine  Tertiary.  The  sea  soon 
advanced  nearly  to  the  inner  margin  of  the  Atlantic  and  Gulf  Coastal 
Plains,  reaching  northward  in  the  Mississippi  embayment  to  the  position 
of  the  mouth  of  the  Ohio  River;  on  the  Pacific  Coast  the  sea  invaded 
the  Great  Valley  of  California,  the  site  of  the  present  Coast  Range  from 
California  to  Washington,  and  locally  territory  farther  north.  Tempo- 
rary recessions  of  the  sea  are  marked  by  unconformities  and  in  places 
by  continental  deposits.  The  epoch  was  long,  there  was  considerable 
oscillation  of  the  strand  line,  and  thick  deposits  were  formed.  The 
extensive  sea  in  which  great  thicknesses  of  nummulitic  limestone  were 
deposited  is  most  noteworthy  in  the  Eocene  of  the  Old  World. 

Basins  of  the  Cordilleran  region  became  the  site  of  much  sedimenta- 
tion by  streams,  lakes,  and  possibly  winds.  Coal  beds  were  made  in 
broad  marshes.  The  mountains  that  were  formed  near  the  close  of 
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Mesozoic  time  furnished  an  abundance  of  gravel,  sand,  and  silt  which 
was  spread  out  to  make  the  locally  variable  continental  deposits  that 
are  hundreds  to  thousands  of  feet  in  thickness.  Calcareous  beds  and 
dark-colored  oil  shale  were  formed  in  lakes.  The  formations  of  this 
epoch  are  thicker  and  more  extensive  than  any  other  Tertiary  series  of 
the  Western  Interior  region.  There  was  much  volcanic  activity  in 
Utah  and  elsewhere. 

Oligocene  Epoch. — The  sea  of  Oligocene  time  covered  parts  of  the 
present  land  of  the  southern  Atlantic  and  Gulf  Coast  Plains  but  did  not 
advance  nearly  so  far  inland  as  in  the  preceding  epoch.  The  Florida 
Peninsula  was  blanketed  by  Oligocene  marine  sediments.  On  the 
Pacific  Border  the  sea  of  Oligocene  time  was  apparently  more  restricted 
than  that  of  the  Eocene,  and  in  places  there  are  thick  nonmarine  deposits 
adjacent  to  the  present  coast. 

The  interior  of  North  America  was  undergoing  erosion  in  most  places 
during  the  Oligocene  epoch.  The  chief  and  almost  the  only  place  where 
deposits  of  this  age  are  well  developed  is  in  the  Black  Hills  area,  where 
stream  beds  carrying  abundant  bones  of  mammals  occur.  Probably 
the  beginning  of  some  of  the  major  geographic  features  of  the  west,  such 
as  establishment  of  the  general  course  of  the  Colorado  River  drainage 
and  topographic  differentiation  of  certain  plateau  and  mountain  areas, 
belongs  here. 

The  beginning  of  the  great  Eurasiatic  mountain  belt  that  includes  the 
Alps  and  Himalayas  is  dated  at  about  the  close  of  Oligocene  time. 

Miocene  Epoch. — The  Miocene  sea  advanced  to  the  inner  margin 
of  the  northern  Atlantic  Coastal  Plain  but  farther  south  and  in  the 
Gulf  it  did  not  extend  so  far,  in  general,  as  the  Oligocene.  Part  of 
Florida  was  apparently  land.  In  the  Pacific  region  the  deposition  of 
thick  shale,  in  part  with  exceedingly  abundant  diatoms,  is  a  feature 
of  the  marine  record. 

Nonmarine  deposition  in  Miocene  time  was  extensive  in  the  northern 
Great  Plains  but  the  beds  are  not  very  thick.  This  was  a  time  of  stupen- 
dous igneous  activity  in  the  northwestern  part  of  the  United  States. 
The  volume  of  extruded  lava  measures  thousands  of  cubic  miles,  and  in 
addition  there  are  great  quantities  of  ash,  cinders,  and  volcanic  tuff . 

Erosion  of  the  land  was  proceeding  constantly  but  at  varying  rates 
in  areas  not  subject  to  sedimentation.  This  is  true  of  each  of  the  Tertiary 
epochs  and  it  is  generally  not  possible  to  determine  the  amount  of  erosion 
accomplished  in  a  given  epoch  or  to  fix  the  exact  age  of  a  peneplain 
when  fossil-bearing  sedimentary  deposits  associated  with  the  erosion 
surface  are  lacking.  The  development  of  the  Harrisburg  peneplain  in 
the  Appalachian  region  may  belong  to  Miocene  time  or,  according  to 
the  view  of  some  ^physiographers  erosion  of  this  epoch,  may  be  repre- 
sented in  the  higher,  older  Schooley  peneplain.  The  Rocky  Mountain 
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Late  Jurassic  -  Early  Cretaceous  -  Formation  of  Fall  Zone   peneplain 


Cretaceous -Marine  invasion  and  deposition  of  Coastal  Plains  beds  on  fall  Zone  peneplain 


Near  close  of  Cretaceous  -Gentle  uplift  with  arching,  establishing  consequent  southeast-flowing  stnwi 


Early  Tertiary-  Formation  of  Schooley  peneplain,  with  superposed  drainage 


Mid  Tertiary -Arching  of  Schooley  peneplain,  with  mtrenchment  of  drainage 


Late  Tertiary  Dissection  of  Schooley  peneplain  and  formation  of  Harrisburg  peneplain  on  weak  rocks 


Early  Quaternary- Dissection  of  Harnsburg  peneplain  and  formation  of  Somerville  peneplain  on  wwk  nxks 
9 


A»PALACHlANtPiAreAU  -4~c  N?WCft    AFMLACMIANS     "~      *          -+~       OLPM   APPALACHIANS         {^COASTAL  PLAIN 

Recent -Uplift  and  dissection  of  Somerville  peneplain,  giving  present  conditions 

Fia.  332. — Diagrams  representing  stages  in  the  physiographic  history  of  the  Appalachian 
region.  (Geologic  age  assignments  tentative,  by  R.  C.  Moore.)  (D.  W.  John*m,  Columbia 
Uniierttty  Pret«.) 
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region  and  much  of  the  plateau  country  farther  west  was  peneplaned 
during  Tertiary  time,  as  was  the  Sierra  Nevada  Range.  The  most 
widely  recognized  and  well-marked  peneplain  of  these  western  areas  is 
regarded  as  having  been  made  by  the  close  of  Miocene  time.  Subse- 
quent uplifts  have  caused  the  obliteration  of  large  parts  of  the  peneplains. 

Structural  disturbances  affected  parts  of  North  America  at  about 
this  time,  possibly  near  the  close  of  the  Miocene.  A  series  of  great  normal 
faults  trending  north-south  intersect  the  Colorado  Plateau  province  in 
Arizona  and  Utah,  the  vertical  displacement  on  some  amounting  to 
more  than  10,000  feet.  There  were  similar  disturbances  in  some  other 
places.  Mountain-building  movements  in  the  Alpine-Hamalaya  chain 
have  been  mentioned. 

Pliocene  Epoch. — The  last  part  of  the  Tertiary  period  is  marked  by  a 
further  approach  to  the  general  geographic  conditions  of  today.  The 
outlines  of  the  continents  accorded  fairly  closely  with  those  existing  now 
but  various  mountain  ranges  were  apparently  less  elevated  during 
Pliocene  time  than  after  the  disturbance  at  the  end  of  this  epoch. 
Marine  sedimentation  is  best  recorded  in  the  Gulf  and  California  regions 
of  North  America  and  the  Mediterranean  region  of  Europe.  Continental 
deposits  were  made  on  the  plains  and  some  intermontane  basins  of  the 
western  United  States  and  in  southeastern  Europe  and  adjacent  parts 
of  Asia. 

Close  of  the  Period. — The  general  uplift  accompanied  by  rejuvenation 
of  old  mountains  that  occurred  at  the  close  of  Tertiary  time  in  North 
America  has  been  called  the  Cascadian  revolution.  The  area  of  the 
Cascade  Mountains  in  the  Pacific  northwest  had  been  intensely  folded 
at  the  close  of  the  Jurassic  and  subsequently  peneplaned.  The  post- 
Pliocene  uplift  of  this  region  amounts  to  some  thousands  of  feet  and  the 
present  mountains  have  been  formed  by  carving  of  innumerable  deep 
canyons.  Similarly,  the  Sierra  Nevada  Range  which  was  peneplaned 
in  the  Tertiary  period  was  strongly  elevated,  the  mountain  block  being 
pushed  upward  along  a  major  fault  and  fold  at  the  east  margin  of  the 
range  and  tilted  westward.  Mount  Whitney  (14,500  feet),  highest 
peak  in  the  United  States,  excepting  Alaska,  is  a  point  near  the  east 
front  of  the  Sierra  Nevadas.  Much  faulting  appears  to  have  occurred 
near  the  close  of  Tertiary  time  in  the  Great  Basin  region  where  numerous 
north-south-trending  mountain  ranges  are  found.  There  was  folding 
of  Pliocene  beds  in  the  Coast  Range  of  California  and  uplift  of  Alaskan 
mountain  chains. 

The  Rocky  Mountains  and  the  Colorado  Plateau  province  appear 
to  have  been  elevated  at  the  close  of  the  Tertiary.  There  are  clearly 
marked  evidences  of  peneplanation  in  this  territory,  the  erosion  having 
been  accomplished  during  Tertiary  time.  Subsequent  uplift  has  caused 
rejuvenation  of  streams  and  resulted  in  the  carving  of  deep  canyons, 
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greatest  of  which  in  width  and  length  is  the  Grand  Canyon  of  the  Colo- 
rado River  in  northern  Arizona. 

The  Mississippi  Valley  region  has  been  a  low-lying  land  area  since  the 
end  of  Paleozoic  time.  Throughout  the  very  long  Mesozoic  and  Cenozoic 
eras  there  has  been  neither  very  much  erosion  nor  deposition  here.  A 
general  elevation  of  a  few  hundred  feet  that  occurred  near  the  close  of  the 
Tertiary,  however,  has  caused  deepening  of  valleys  and  accentuation 
of  local  relief  in  most  of  this  territory.  There  are  many  physiographic 
evidences  of  this  uplift  and  of  its  relatively  recent  date. 

The  Appalachian  Mountains  and  the  eastern  seaboard  may  be 
included  in  the  list  of  areas  affected  by  uplift  at  the  close  of  the  Tertiary 
period.  Peneplains  of  Pliocene  and  older  date  have  been  partially 
dissected  by  post-Tertiary  erosion.  The  existence  of  submerged  channels 
of  streams  like  the  Hudson  and  Susquehanna,  extending  out  to  the  edge 
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FIG.  333. — Geologic  sections  showing  structure  and  relations  of  Tertiary  formations 
in  parts  of  the  Los  Angeles  Basin,  California.  Note  that  beds  of  Pliocene  age  are  strongly 
folded.  (After  W.  S.  W.  Kew,  U.  S.  Geol.  Survey.} 

of  the  continental  shelf,  points  to  a  not  distant  former  elevation  of  the 
eastern  border  of  the  continent. 

Additional  evidence  of  the  importance  of  the  diastrophism  at  the 
close  of  the  Tertiary  is  found  in  the  general  uplift,  in  part  accompanied 
by  folding  and  faulting,  of  the  great  Alps-Himalayan  mountain  chain 
of  Eurasia.  Also,  the  occurrence  of  continental  glaciation  during 
Quaternary  time  was  undoubtedly  influenced,  if  not  largely  produced, 
by  changes  in  topographic  and  climatic  conditions  that  belong  to  this 
time  of  crustal  movement. 

Climate. — The  character  and  distribution  of  plants  in  the  Tertiary 
continental  deposits  afford  chief  basis  for  inferences  concerning  climate 
in  the  period.  In  t)ie  Eocene,  especially,  there  is  evidence  of  mild, 
perhaps  subtropical,  temperatures  in  the  Western  Interior  region  as  far 
north  as  Canada,  for  palm  leaves  3  feet  wide  and  leaves  of  the  fig,  mag- 
nolia, and  other  warmth-loving  plants  (if  we  may  judge  from  modern 
species)  are  found  in  this  region.  The  climate  was  also  generally  humid. 
The  Gulf  Coast  region  has  yielded  remains  of  the  breadfruit  tree  and 
other  plants  that  are  now  confined  to  the  tropics.  Even  the  far  north 
enioved  a  congenial,  if  not  a  distinctly  warm,  climate.  A  rich  Upper 
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Eocene  flora  from  the  west  coast  of  Greenland  contains  species  of  oaks, 
elms,  maples,  walnuts,  persimmons,  magnolias,  plums,  beeches,  and 
many  other  temperate  types  of  plants.  As  noted  recently  by  Berry, 
however,  the  high-latitude  floras  of  Early  Tertiary  time  are  not  at  all 
indicative  of  subtropical  conditions,  as  has  been  suggested  by  some 
students. 

Oligocene  climates  were  apparently  not  very  unlike  those  of  the 
preceding  epoch,  although  there  is  a  suggestion  of  somewhat  cooler  and 
in  some  regions  drier  conditions.  Fossil  palms  occur  in  northern  Ger- 
many. The  abundance  of  mammals  with  teeth  adapted  for  grazing  on 
tough  plains  grasses,  rather  than  for  browsing  on  leaves  of  trees  and 
shrubs,  may  be  regarded  as  a  sign  of  dwindling  forests  and  expanding 
prairies. 

Miocene  time  seems  to  have  been  distinctly  cooler  on  the  average  than 
Oligocene  or  Eocene.  Abundant  plants  are  known  from  a  few  localities 
but  there  is  insufficient  knowledge  of  the  flora  of  North  America  or  the 
world  as  a  whole  to  draw  very  definite  conclusions.  There  were  probably 
distinct  climatic  zones  such  as  exist  today,  belts  of  cooler  and  warmer 
temperature,  and  areas  of  drier  and  more  humid,  moist  conditions.  The 
country  near  Lake  Florissant  in  Colorado  contained  a  larger  and  more 
varied  assemblage  of  plants  in  Miocene  time  than  exists  in  this  region 
now,  and  there  are  several  kinds  that  are  represented  today  by  species 
living  only  in  warm  temperate  portions  of  the  Old  World.  The  sequoias, 
now  known  by  the  redwoods  and  "big  trees "  of  the  North  American 
Pacific  Coast,  were  common  in  Colorado  as  well  as  in  Greenland  and 
Europe. 

The  Pliocene  epoch  appears  to  have  been  distinguished  by  increasing 
coolness  and  dryness  and  there  was  undoubtedly  considerable  variation 
in  conditions  in  different  regions.  Except  locally,  the  land  floras  are 
poorly  preserved.  In  parts  of  the  shallow  seas  of  the  continental  shelf, 
cold-water  invertebrates  replace  the  types  adapted  to  warmer  condi- 
tions. This  has  little  bearing,  however,  on  climate  of  the  lands,  since 
change  in  the  character  of  marine  faunas  may  be  due  mainly  to  shifting 
or  extension  of  oceanic  currents  without  important  influence  on  tem- 
perature of  adjacent  lands. 

ECONOMIC  PRODUCTS 

The  Tertiary  formations  yield  a  variety  of  materials  useful  to  man. 

About  one-half  of  the  world's  oil  supply  is  obtained  from  these  comparatively 
young  rocks,  the  chief  producing  territories  being  found  in  California,  the  Gulf  Coast 
region  of.  North  and  South  America,  Peru,  Rumania,  southeastern  Russia,  and  the 
Dutch  East  Indies.  The  oil-bearing  sediments  consist  mostly  of  sands  that  are  only 
partly  consolidated.  The  wells  range  in  depth  from  a  few  hundred  feet  to  more  than 
9,000  feet  (in  Cdifornia).  The  structure  of  the  bed»  in  several  of  the  fields  is  dis- 
tinguished by  steep  folding  and  faulting.  In  addition  to  the  oil  obtained  from  wells, 
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the  Tertiary  oil-shale  deposits  of  northwestern  Colorado  and  adjacent  parts  of  Wyo- 
ming and  Utah  are  a  tremendous  potential  source  of  supply,  but  the  oil  is  obtainable 
only  by  mining  and  heating  the  shale. 

Extensive  coal  beds  occur  in  the  Tertiary  of  the  WeHtern  Interior  of  North  America, 
the  Gulf  Coast  region,  and  in  parts  of  the  Old  World.  There  are  many  coal  bed*, 
some  of  unusual  thickness,  in  the  Tertiary  formations  of  western  Washington.  The 


FKJ.  #34.— The  Midway  oil  field,  typical  of  many  fields  in  (he  Tertiary  area  of  the  Pacific 
Coast.      (G.  S.  Rogers,  V.  »S.  Genl.  Survey.) 

most  important  commercial  development  of  Tertiary  eoaU  is  in  Ne\v  Mexico,  Colo- 
rado, Wyoming,  and  Montana  and  in  northern  Germany. 

Other  valuable  materials  of  sedimentary  origin  obtained  from  the  Tertiary  forma- 
tions are  lime  phosphate  (Florida)  used  as  fertilizer,  building  stone,  clayx  including  some 
very  fine  pottery  clays,  diatomaceous  earth,  hydraulic  lime,  and  natural  gas. 

Igneous  intrusions  and  associated  ore-bearing  veins  of  Tertiary  age  are  the  source 
of  very  important  deposits  of  some  of  the  metals.  Chief  among  these  are  gold  deposits, 
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FK,.  :W5. — Geologir  sort  inn  of  the  Los  Angeles  Basin  showing  structural  position  of  oil 

fields.      (U.  S.  GcoL  Surrey.) 

such  as  those  of  the  famous  Cripple  Creek  district,  Colorado,  Tonopah,  Nev.,  and 
veins  of  the  Sierras  of  California  that  supplied  large  quantities  of  placer  gold;  great 
quantities  of  cop])er,  as  at  Butto,  Mont.,  and  Bingham.  I'tah;  and  in  various  places 
«ilt>er,  lead,  zinc,  quicksilver,  and  other  metal>  The  igneous  activity  and  accompany- 
ing ore  formation  of  Tertiary  time  arc  thus  of  much  economic  importance. 

SUMMARY 

The  Tertiary  system  consists  mainly  of  poorly  consolidated  marine 
and  nonmarine  sedimentary  rooks  that  are  separated  from  Mesozoic 
strata  in  most  places  by  a  discontinuity  or  unconformity.  There  are 
also  enormous  quantities  of  Tertiary  igneous  rocks. 
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1  Four  series  are  commonly  differentiated:  in  upward  order,  Eocene, 
Oligocene,  Miocene,  and  Pliocene.  These  names  were  intended  to 
denote  the  general  proportion  of  living  to  extinct  species  of  marine 
organisms,  in  which  there  is  a  gradual  approach  to  modern  conditions. 

The  Atlantic  and  Gulf  Coastal  Plains  of  North  America  contain  out- 
crops of  Tertiary  marine  and  nonmarine  beds  extending  from  New  Jersey 
into  Mexico.  The  surface  of  Florida  is  entirely  composed  of  Tertiary 
or  younger  rocks,  and  in  the  Mississippi  embayment  outcrops  of  Tertiary 
formations  extend  northward  slightly  beyond  the  mouth  of  the  Ohio 
River.  The  Tertiary  formations  dip  gently  seaward,  some  of  the  harder 
beds  forming  cuestas.  Commonly  there  is  an  increase  in  thickness  of 
formations  or  series  in  a  seaward  direction  from  the  outcrops,  and  in 
some  cases  well  borings  show  a  transition  from  nonmarine  deposits  at 
and  near  the  outcrops  to  marine  deposits  between  the  outcrops  and  the 
present  seacoast.  The  thickness  of  the  Tertiary  strata  of  the  Atlantic 
Coastal  Plain  is  less  than  1,500  feet  in  most  places,  but  in  the  Mississippi 
embayment  region  of  the  Gulf  Coastal  Plain  the  total  thickness  may 
exceed  30,000  feet. 

The  occurrence  of  numerous  salt  domes  is  an  interesting  feature  of 
the  Tertiary  area  in  the  Louisiana  and  Texas  portion  of  the  Gulf  Coastal 
Plain.  Salt  masses  of  cylindrical  form,  a  mile  or  more  in  diameter,  are 
thrust  upward  many  thousands  of  feet  through  the  Tertiary  strata, 
bowing  the  edges  of  the  strata  upward.  Oil  and  gas  are  found  in  many 
cases  on  the  flanks  and  above  the  salt  cores. 

Tertiary  sedimentary  rocks  with  a  maximum  thickness  of  more  than 
40,000  feet  occur  near  the  Pacific  Coast.  The  beds  are  much  folded  and 
faulted.  They  form  mountains,  hills,  and  valleys.  There  is  much  local 
variation  in  the  thickness  and  in  the  stratigraphic  succession  of  Tertiary 
deposits.  The  controlling  factor  in  the  history  of  Tertiary  sedimentation 
in  this  region  appears  to  have  been  the  existence  of  fault-bounded  crustal 
blocks,  some  of  which  tended  to  sink  and  others  to  rise  periodically. 
The  depressed  or  negative  earth  segments  received  a  thick  load  of  sedi- 
ments. Compressive  forces  have  tilted  and  folded  the  sedimentary 
strata. 

The  Continental  Interior  contains  widespread  areas  of  Tertiary 
nonmarine  sedimentary  deposits  and  also  a  very  great  quantity  of  volcanic 
rocks.  The  Rocky  Mountains  region,  including  especially  areas  in  New 
Mexico,  Colorado,  Utah,  Wyoming,  and  Montana,  shows  the  greatest 
development  of  Eocene  beds,  which  in  some  districts  are  several  thousands 
of  feet  in  thickness.  A  remarkable  record  of  the  Early  Tertiary  mammal 
faunas  is  obtained  from  these  rocks.  Important  deposits  of  coal  and 
oil  shale  occur.  Oligocene  beds  are  comparatively  thin  and  local,  the 
chief  area  being  the  Badlands  country  of  South  Dakota.  Miocene  and 
Pliocene  deposits  are  found  in  many  places  but  are  quantitatively  of 
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much  less  importance  than  the  Eocene  formations.  Late  Tertiary  beds 
are  very  widespread  on  the  plains  east  of  the  Rockies,  but  the  deposits 
are  comparatively  thin.  Igneous  rocks  of  Tertiary  age  include  especially 
the  great  lava  outpourings  of  the  Columbia  River  region  and  volcanic 
rocks  of  the  Rocky  Mountain  region. 

Tertiary  deposits  are  more  or  less  important  in  all  of  the  otber  conti- 
nents. In  Europe  the  Tertiary  beds  of  the  London,  Paris,  and  Vienna 
Basins  and  of  Italy  are  subjects  of  classic  studies.  The  thick  nummulite- 
bearing  limestone  of  the  Mediterranean  region  extends  eastward  far 
into  central  Asia  and  is  now  found  high  in  the  Himalaya  Mountains. 


CHAPTER  XXVIII 

THE  QUATERNARY  PERIOD 

Quaternary  time  is  very  short  compared  with  other  geologic  periods, 
but,  because  it  includes  the  present  and  most  recent  geologic  past,  its 
history  is  especially  interesting  and  important  to  man.  The  beginning 
of  the  Quaternary  period  dates  back  a  mere  million  years  or  so,  and 
therefore  the  record  is  so  recently  inscribed  that  multitudinous  details 
can  be  read  clearly.  Not  only  are  there  many  sorts  of  sedimentary 
deposits  and  large  quantities  of  igneous  rocks  but  the  work  of  erosion 


FIG.  336.-    Pleistocene  glacial  till,  LOUR  Island.      (W.  C.  Alrfen,  U.  S.  Oeol.  Survey.) 

during  the  period  is  marked  by  innumerable  features  of  the  present  land 
surface.     Historical  geology  merges  here  with  physiography. 

The  outstanding  feature  in  the  history  of  Quaternary  time  is  extensive 
continental  glaciation  in  the  Northern  Hemisphere.  Although  ice 
covered  only  a  fraction  of  the  total  land  surface  of  the  globe,  effects  of 
the  glaciation  were  world- wide,  for  important  changes  in  climate  and 
conditions  of  erosion  and  deposition  affected  nonglaciated  as  well  as 
glaciated  territory.  Changed  environments  influenced  life  on  land  and 
to  some  extent  in  the  sea.  World-wide  changes  of  oceanic  levels  were 
caused  by  the  removal  of  water  to  make  the  continental  glaciers  and  by 
the  return  of  water  when  the  glaciers  melted.  In  addition  there  were 
crust al  disturbances  which  include  broad  warping  of  continents  and  local 
mountain-making  movements. 

552 
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After  the  rocks  called  Tertiary  were  recognized  and  defined,  the 
name  Quaternary  came  to  be  applied  many  years  ago  by  French  and 
German  geologists  to  the  unconsolidated  surficial  materials  such  as  the 
alluvium  of  stream  valleys,  recent  deposits  in  lakes  and  swamps,  dune 
sand,  and  glacial  deposits. 

It  was  not  at  first  understood  that  the  widespread  glacial  materials 
of  northern  Europe  and  North  America  were  deposits  made  by  great 
continental  ice  sheets.  These  deposits  were  called  "drift"  because  it 
was  thought  that  they  were  drifted  over  the  land  surface  when  waters 
of  the  Noachian  deluge  covered  the  earth.  Boulders  of  the  drift  were 
presumably  carried  by  icebergs  and  deposited  when  the  float  ing  ice 
melted.  When  the  boulder-laden  bergs  chanced 
to  graze  bedrock  beneath  the  water,  scratches 
(striae)  might  be  made  on  the  bedrock  and 
boulders. 

When  Agassiz,  in  1837,  put  forward  the  thesis 
not  only  that  glaciers  of  the  Alps  had  formerly 
spread  far  out  on  the  plains  at  the  foot  of  the 
mountains  but  that  all  of  northern  Europe  had 
been  buried  by  a  huge  glacier  in  comparatively 
recent  geologic  time,  the  scientific  world  wavS 
incredulous.  But  so  completely  and  irrefutably 
has  the  correctness  of  Agassiz's  deductions  been 

established,  both  in  Europe  and  in  North  FlG-  3?Jg"~^ouis  Agassi 
America,  that  there  can  be  no  slightest  doubt  as 

to  the  actuality  of  extensive  continental  glaciation  in  the  Quaternary 
period.  It  is  not  necessary  or  desirable  to  repeat  here  the  many  lines  oi 
evidence  that  substantiate  this  conclusion,  for  they  are  found  in  any  good 
textbook  of  physical  geology.  It  may  be  said,  however,  that  probably  mi 
part  of  geology  offers  more  striking  example  of  the  results  of  sound  deduc- 
tive reasoning  than  the  proof  of  Agassiz'  hypothesis.  The  deposits  of  con- 
tinental glaciers  have  foremost  importance  among  Quaternary  formations, 
and,  as  commonly  defined,  Quaternary  time  is  considered  to  have  begun 
with  initiation  of  the  continental  glaciation  that  followed  making  of  the 
various  Tertiary  deposits.  This  important  physical  event  is  considered 
to  have  brought  the  Tertiary  period  to  a  close.  There  is  general  agree- 
ment in  defining  Quaternary  time  as  extending  down  to  the  present. 

Divisions. — The  Quaternary  period  may  be  divided  into  two  very 
unequal  parts:  the  Pleistocene  epoch,  comprising  at  least  95  per  cent 
and  probably  about  98  per  cent  of  the  time  of  the  period,  and  the  Recent 
epoch,  including  the  remainder.  The  term  Pleistocene  was  introduced 
by  Lyell  in  1839  for  deposits  in  England  which  he  recognized  as  being 
distinctly  younger  than  tho  Pliocene,  and  a  lifflo  later  this  name  carm 
to  be  applied  especially  to  the  glacial  deposits.  As  now  defined,  tht 
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Pleistocene  series  includes  the  deposits  of  the  Quaternary  Ice  Age  and 
contemporaneous  marine,  fluviatile,  lacustrine,  eolian,  and  volcanic 
rocks.  The  end  of  the  Pleistocene  epoch  and  the  beginning  of  Recent 
time  may  be  considered  to  coincide  with  the  final  retreat  of  the  ice  sheets 
to  high  latitudes.  That  the  retreat  which  has  led  to  present  conditions 
may  not  be  " final7'  is  ground  for  uncertainty  as  to  the  actual  validity  of 
the  division  of  Quaternary  time  into  the  epochs  indicated.  Present 
practice  sets  off  Recent  time  with  rather  unwarranted  classificatory 
prominence.  If  a  few  thousands  or  tens  of  thousands  of  years  in  the 
future  bring  a  recurrence  of  glacial  climate  with  renewed  invasions  of 
continental  ice  sheets,  obliterating  cities,  farms,  and  other  works  of 
man,  it  will  be  clear  that  present  time  should  be  classed  as  a  subdivision 


Fio.  338. — Glacially  striated  boulder,  from  Iowa  (one-fourth  natural  size).     (U.  S.  Geol. 

Survey.) 

of  the  Pleistocene,  which  would  be  extended  to  embrace  the  new  Ice 
Age.  Certainly  there  is  little  to  commend  the  practice  of  a  few  geologists 
in  setting  off  Recent  time  as  the  beginning  of  a  new  era,  the  "  Psycho  zoic" 
(soul  life,  in  allusion  to  the  presence  of  Man). 

The  Pleistocene  glacial  deposits  are  divisible  into  four  main  parts, 
which  are  separated  by  very  important  unconformities.  These  parts 
are  the  deposits  of  as  many  distinct  and  separate  glaciations  of  the  conti- 
nent. Just  as  in  other  periods  advances  of  the  sea  on  the  land  are  marked 
by  marine  deposits  and  the  retreats  by  unconformities,  so  invasions  of 
the  Pleistocene  continental  glaciers  are  recorded  over  thousands  of 
square  miles  by  till  and  fluvioglacial  debris,  and  times  of  deglaciation  by 
weathering  and  erosion  of  the  glacial  deposits  that  constitute  uncon- 
formities. Proof  that  the  glacial  history  of  the  Pleistocene  epoch  is 
really  complex,  that  there  were  a  number  of  advances  and  retreats  of  the 
glaciers,  separated  by  long  interglacial  ages,  is  second  in  importance 
only  to  the  establishment  of  the  fact  of  continental  glacial  ion  itself. 
Demonstration  of  multiple  glaciation  in  the  Pleistocene  has  come  mainly 
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through  the  work  of  the  last  50  years  in  the  Mississippi  Valley  region  of 
the  United  States.     However,  it  is  amply  shown  also  in  Europe  and  in 


FIG.  339. — Glaciated  bedrock  in  New  England.     Near  Clinton,  Mass.     (W.  C.  Alden,  U.  S. 

Geol.  Survey.) 

various  other  places.     Names  of  the  glacial  and  interglacial  divisions  of 
the  Pleistocene  epoch  are  given  in  the  accompanying  table. 

DIVISIONS  OF  THE  PLEISTOCENE 


Stage 

North  America 

Europe  * 
(Alps) 

Glacial  

!Mankato\ 
Gary         I 
_    •       „  > 

Wiirin 

Interglacial 

Tazewell  1 
lowan      / 
Sangamon 

Risis-Wurm 

Glacial 

Illinoian 

Riss 

Interglacial  

Yarmouth 

MindelrRiss 

Glacial  

Kansan 

Mindel 

Interglacial  

Aftonian 

Gunzr-Mindel 

Glacial               

Nebraskan 

Glinz 

Recent  Studies  on  Pleistocene  Classification. — The  classification  of  the  drift  called 
lowan  has  been  in  dispute.  F.  L.  Leverett  holds  that  it  is  more  closely  related  to  the 
Illinoian  than  to  the  Wisconsin,  but  evidence  brought  forward  by  G.  F.  Kay  and  M.  M. 
Leigh  ton  strongly  supports  the  conclusion  that,  the  Towan  should  be  regarded  as  an 
initial  substage  of  the  Wisconsin  stage.  Kay  has  recently  introduced  a  stratigraplur 
grouping  of  glacial  and  succeeding  non^lacial  deposits  to  form  "series"  of  the  Fleisto- 
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cene  "system.''  These  are  named  Grandian  (Nebraskan,  Af Ionian),  Ottumwan 
(Kansan,  Yarmouth),  Centralian  (Illinoian,  Sangamon),  and  Eldoran  (Wisconsin- 
Recent).  This  classification  has  meritorious  features  but  its  adoption  will  make 
Pleistocene  synonymous  with  Quaternary.  As  pointed  out  elsewhere  in  this  chapter, 
there  is  no  very  definite  basis  for  separating  the  Pleistocene  and  Eecent,  and  accord- 
ingly Kay's  Eldoran  series  or  epoch  represents  natural  geologic  relationships  better 
than  existing  accepted  classification. 

The  marine  and  nonmarine  Pleistocene  deposits  of  the  unglaciated  areas  are  mostly 
not  divided  on  a  time  basis  and  hence  a  detailed  chronology  is  here  much  less  definitely 
established.  It  is  indeed  interesting  to  observe  that  the  evidence  for  evaluation  and 
subdivision  of  Pleistocene  time  rests  wholly  or  almost  wholly  on  inorganic  bases  rather 
than  testimony  of  fossils. 

Recent  time  is  too  short  to  have  any  significant  basis  for  subdivision  in  a  geologic 
sense.  From  an  archeological  standpoint  there  are  several  distinct  stages  in  the 
development  of  man's  culture  that  belong  here,  but,  in  Europe  and  Asia  at  least, 
primitive  man  dates  far  back  into  the  Pleistocene,  if  indeed  he  did  not  originate  before 
the  beginning  of  Quaternary  time. 

QUATERNARY  DEPOSITS  AND  PHYSIOGRAPHIC  FEATURES  OF  NORTH 

AMERICA 

Description  of  the  chief  features  in  the  sedimentary  and  physiographic 
record  of  the  Quaternary  period  in  North  America  may  be  divided  into 
parts  dealing  respectively  with  those  of  glacial  origin  on  the  one  hand 
and  those  of  nonglacial  origin  on  the  other.  This  division  is  largely  a 
matter  of  convenience  and  it  is  to  some  extent  arbitrary,  as  in  the  case  of 
wind-blown  loess,  stream-borne  outwash,  and  lake  deposits  that  owe 
existence  indirectly  to  glaciation.  The  intended  differentiation  is  prac- 
tically on  a  geographic  basis:  features  of  the  glaciated  territory  and 
features  of  nonglaciated  areas. 

Glacial  Deposits  and  Physiographic  Features 

Distribution 

An  area  of  about  4,000,000  square  miles  in  northern  North  America, 
or  nearly  one-half  of  the  continent,  was  covered  by  glacial  ice  during 
part  of  the  Pleistocene  epoch.  The  glaciated  region  includes  almost  all 
of  Canada,  Newfoundland,  and  Greenland  and  reaches  southward  in  the 
Mississippi  Valley  region  of  the  United  States  almost  to  the  mouth  of  the 
Ohio.  The  southern  border  of  the  drift-covered  area  is  roughly  defined 
by  the  courses  of  the  Ohio  and  Missouri  Rivers. 

Two  chief  centers  of  ice  growth  from  which  glacial  movement  radiated 
have  been  identified  in  North  America.  One  of  these  was  on  the  Labrador 
Peninsula  and  is  known  as  the  Labradorian  center;  the  other  was  located 
somewhat  west  of  Hudson  Bay  and  is  called  the  Keewatin  center.  High 
land  south  of  Hudson  Bay  was  also  an  important  region  of  glacial  ice 
formation  that  is  designated  the  Patrician  center.  Subordinate  centers 
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are  identified  in  Newfoundland,  Nova  Scotia,  and  New  Brunswick.  The 
centers  of  radiation  of  the  continental  ice  sheets  are  indicated  partly  by 
configuration  of  the  glacial  moraines  and  by  evidence  from  striae  on 
bedrock,  and  partly  by  lack  of  depositional  or  erosional  ice  action  in  a 
central  area  that  is  surrounded  by  marks  of  diverging  ice  movement. 
The  centers  of  ice  growth  do  not  appear  to  have  been  subjected  to  much 
erosion.  The  mountain  region  of  western  Canada  and  northwestern 


Fro.  340. — Map  of  North  America  showing  area  covered  by  glacial  ice  during  some  par 
of  the  Pleistocene  epoch,  and  indicating  main  centers  of  ice-sheet  growth.  (W.  C.  Alden 
U.  S.  Geol.  Survey.) 

United  States  was  largely  buried  beneath  the  so-called  Cordilleran  ic< 
sheet.  In  addition  to  the  main  continental  glaciation  there  was  extensivi 
mountain  glaciation  in  various  ranges  of  the  western  United  States. 

It  is  interesting  to  note  that  much  of  western  and  northern  Alaski 
seems  to  have  escaped  glaciation.  Also,  southwestern  Wisconsin  an< 
small  parts  of  the  adjoining  states  appear  never  to  have  been  glaciated 
This  "driftless  area,"  over  10,000  square  miles  in  extent,  is  surrounds 
on  all  sides  by  country  that  at  one  time  or  another  was  occupied  by  the  ice 
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Evidence  of  Multiple  Glaciation 

The  upper  Mississippi  Valley  and  adjacent  Great  Lakes  region  of  the 
United  States  contains  a  remarkable  record  of  at  least  four  entirely 
distinct  glaciations,  of  the  long  interglacial  ages  that  separated  the 
successive  ice  sheets,  and  of  post-Pleistocene  history.  The  record  in 
this  region  is  clearer  and  more  complete  than  in  any  other  part  of  North 
America  or,  indeed,  of  the  world. 

Wisconsin,  Minnesota,  and  neighboring  parts  of  the  United  States 
and  Canada  are  a  land  of  lakes,  of  irregular  rolling  and  hummocky 
topography  with  variously  shaped,  unevenly  disposed  hills  and  interven- 
ing poorly  drained  depressions.  Bedrock  is  mostly  concealed  by  a 
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FIG.  341.  Alorauid,!  Lupo*;iaphy  near  Ripon,  Wis.  The  widespread  deposits  of  glacial 
materials  and  the  physiographic  effects  of  glaciation  are  outstanding  characteristics  of 
most  of  the  northern  part  of  North  America.  ( W.  C.  Alden,  U.  S.  Geol.  Survey.) 

mantle  of  glacial  till,  boulders,  gravel,  and  sand.  There  are  drumlins, 
kames,  eskers,  outwash  plains,  terminal  moraines,  recessional  moraines, 
and  large  areas  of  ground  moraine.  The  insignificant  alteration  of  this 
glacial  topography  by  stream  work  or  other  erosive  agencies  since  the 
time  of  glaciation  and  the  lack  of  appreciable  weathering  in  the  materials 
composing  the  drift  attest  the  comparative  recency  of  glaciation. 

It  was  naturally  supposed  at  first  that  the  glaciation  evidenced  by 
these  well-defined  topographic  features  and  by  the  little-weathered  till 
constituted  the  entire  glacial  record  of  Quaternary  time.  Increasing 
cold  at  the  beginning  of  the  Pleistocene  led  to  the  formation  of  an  ice 
sheet  that  spread  far  over  the  areas  observed  to  have  been  glaciated, 
and  increasing  warmth  toward  the  close  of  the  Pleistocene  caused  melting 
and  disappearance  of  the  ice  sheet. 
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But  this  simple  picture  does  not  accord  with  observations  that  in 
Illinois,  Iowa,  Missouri,  and  other  places  there  are  widespread  deposits 
of  deeply  weathered  glacial  till  and,  further,  that  characteristic  features 
of  glacial  topography  are  almost  lacking  in  these  regions.  Seemingly, 
this  much- weathered  drift  represents  a  glaciation  altogether  different 
from  and  very  much  older  than  that  marked  by  practically  unaltered 
till  and  unmodified  glacial  topography.  If  this  is  the  case,  the  older 
glaciation  evidently  extended  considerably  farther  south  than  the  later. 
Most  exposures  of  glacial  till  in  the  north  show  only  one  drift  sheet,  the 
most  recent,  resting  on  ice-eroded  bedrock.  In  the  south,  however, 
there  are  many  places  where  one  drift  sheet  overlies  another,  the  contact 
being  marked  by  change  from  the  much-weathered  and  decayed  upper 
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Iowa.  Comparatively  fresh  till  at  the  top  of  the  cut  rests  on  loess  (probably  a  wind 
deposit),  and  this  in  turn  overlies  deeply  weathered  glacial  till.  (W.  C.  Alden,  U.  S.  Geol. 
Survey.) 

portion  of  the  older  drift  to  the  fresh,  unweathered  drift  at  the  base  of 
the  overlying  sheet.  In  places  there  are  beds  of  peat  and  old  soils,  some 
with  remains  of  land  animals  and  roots  of  forest  trees,  above  the  older 
drift  and  buried  by  the  younger.  The  later  ice  advance  formed  a  veneer 
of  deposits  overlying  the  older  but  in  places  removed  little  or  none  of  the 
underlying  material. 

Weathering  of  Drift. — Study  of  the  weathering  of  glacial  drift  shows 
that,  under  influence  of  the  dissolved  oxygen  and  carbon  dioxide  in  the 
water  that  soaks  into  the  ground,  there  are  progressive  chemical  changes 
which  extend  downward  at  unequal  rates.  Oxidation  of  iron  compounds, 
making  yellowish,  brownish,  and  reddish  colors,  takes  place,  and  more 
slowly  there  are  solution  and  removal  of  calcareous  material.  Still  slower 
than  the  leaching  of  calcium  carbonate  are  t  lie  disinlem-at  ion  and  removal 
of  the  soluble  parts  of  silicate  minerals,  leaving  the  insoluble  portions  as 
a  fine,  sticky  gumbo-like  clay.  The  zones  defined  by  these  unequally 
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progressive  chemical  changes  form  what  is  called  a  soil  profile,  whose 
nature  and  thickness  are  a  measure  of  the  extent  (and,  other  things  being 
equal,  the  time)  to  which  weathering  has  proceeded.  Under  topographic 
conditions  of  poor  drainage,  which  are  common  in  glaciated  areas,  the 
characteristic  final  alteration  product  of  till  is  a  dark,  sticky  gumbo-like 
clay,  called  gumbotil,  the  dark  color  of  which  is  due  to  the  reduction  of 
the  ferric  iron  by  humic  and  other  organic  compounds  derived  from  over- 
lying vegetation.  A  gumbotil  is  thus  a  mark  of  very  prolonged  weather- 
ing of  a  till.  y,,;V;  T1  ^  ,/'*  ,M  /v^^1;1;;/  r, "";'."  ' '  >  * ;, '  ';f ,'-  "'. 


FIG.  343. — Mature  stream-carved  topography  on  Kansan  drift,  Union  County,  southern 
Iowa.  Since  the  Kansan  glaciation,  sufficient  time  has  elapsed  to  efface  almost  all  topo- 
graphic characteristics  of  glaciation.  (W.  C.  Alden,  U.  S.  Geol.  Survey.) 

The  Drift  Sheets  and  Interglacial  Materials 

The  four  main  glacial  divisions  of  the  Pleistocene  and  evidences  of 
the  interglacial  intervals  that  separate  them  will  now  be  considered  in 
order  from  oldest  to  youngest. 

1.  Nebrasfcan  Glacial  Deposits. — The  oldest  known  glacial  deposits 
of  the  Mississippi  Valley  region  are  called  Nebraskan.  They  are  seen  in 
Nebraska,  Kansas,  Missouri,  Iowa,  and  Illinois  (?),  but,  since  younger 
drift  occurs  above  them  almost  everywhere,  exposures  are  mainly 
restricted  to  stream  valleys  which  have  been  carved  in  later  Quaternary 
time.  Isolated  patches  of  deeply  weathered  drift  and  scattered  erratic 
boulders  are  present  in  a  few  places  outside  the  margin  of  the  next  younger 
drift  sheet.  The  deposits  left  by  the  Nebraskan  continental  glacier 
consist  of  boulder  clay  or  till  and  associated  sands  and  gravels,  the  thick- 
ness in  some  places  being  100  feet  or  more.  The  southern  limit  of  the 
Nebraskan  invasion  is  approximately  marked  by  the  lower  course  of 
the  Missouri  River.  The  ice  that  occupied  the  western  Mississippi 
Valley  region  came  from  the  Manitoba  region  or  Keewatin  center.  The 
extent  of  the  Nebraskan  glaciation  in  the  east  and  in  the  northwest  is 
unknown,  because  the  deposits  have  been  subsequently  obliterated  or 
concealed,  or  thev  are  as  vet  undiscovered  or  unrooocrnizod  It  is  thoueht 
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FIG.  344. — Diagrammatic  sections  of  Pleistocene  glacial  deposits  of  the  north  central 
United  States  at  successive  stages  in  the  epoch. 

Following  deposition  of  the  Nebraskan  drift  (1),  weathering  during  the  Aftonian  interglacial  stage 
formed  gumbotif  in  many  places  (la).  Advance  of  the  Kansan  ice  sheet  caused  removal  of  earlier 
drift  and  gum  hot  il  locally  but  in  most  places  led  to  burial  of  Nebraskan  materials  under  Kansan  drift 
(2).  Tbfe  was  followed  by  development  of  the  Kansan  gumbotil  during  the  Yarmouth  interglacial 
stage  (2a),  then  lllinoian  gfaoiation  (3),  formation  of  a  thin  gumbotil  on  the  lllinoian  drift  in  Sangamon 
time  (3a),  and  finally  the  Wisconsin  glaoiation  in  which  four  main  substages  are  recognised  (4).  Post- 
Wisconsin  erosion  has  modified  the  surface  to  some  extent  locally  but  time  has  been  insufficient  for 
development  of  a  gumbotil  on  the  Wisconsin  drift  (4o).  Attention  is  called  to  the  fact  that  no  single 
known  section  shows  the  presence  of  all  of  the  Pleistocene  deposits  indicated  in  sections  4  and  4<t. 
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by  some  that  the  Jerseyan  drift  in  the  east  may  correlate  with  the 
Nebraskan  drift  deposits. 

Aftonian  Interglacial  Materials. — On  retreat  of  the  Nebraskan  ice 
sheet,  the  deposits  which  it  had  formed  began  to  be  weathered.  Most 
of  the  topography  seems  to  have  been  that  of  a  comparatively  flat,  poorly 
drained  ground  moraine  plain,  upon  which  chemical  weathering  was 
effective  and  erosion  negligible.  The  weathering  continued  until  an 
average  thickness  of  more  than  8  feet  of  gumbotil  was  formed  by  the 
alteration  of  the  Nebraskan  till.  In  places  where  the  deposits  consisted 
mainly  of  gravels,  leaching  of  calcium  carbonate  extended  very  much 
deeper.  There  are  also  beds  of  peat,  containing  tree  stumps  and  branches, 
and  water-laid  sediments,  containing  remains  of  animals  that  indicate  a 
cool  temperate  climate. 

2.  Kansan   Glacial  Deposits. — A   second   Pleistocene   glaciation   is 
shown  by  the  occurrence  of  till  and  fluvioglacial  sand  and  gravel  above 
the  Nebraskan  drift  and  gumbotil.     The  younger  drift,  called  Kansan, 
occupies  about  the  same  area  as  the  Nebraskan  and  is  exposed  not  only 
in  the  sides  of  valleys  but  also  on  extensive  upland  plains,  especially  in 
northern  Missouri  and  southern  Iowa.     The  average  thickness  of  the 
Kansan  drift  in  this  region  is  about  50  feet.     The  Kansan  glacier  of  the 
western  Mississippi  Valley  region  advanced  from  the  Manitoba  region  or 
Keewatin  center,  as  shown  by  its  rock  constituents.     An  ancient  drift 
which  is  known  to  extend  far  to  the  east,  and  which  in  central  Ohio 
contains  copper  derived  from  the  Lake  Superior  region,  is  possibly  the 
equivalent  of  the  Kansan.     Ice  from  the  Labradorian  center  reached 
Cape  Cod  and  the  New  England  islands. 

Yarmouth  Interglacial  Materials. — After  the  retreat  of  the  Kansan 
ice  the  flat,  poorly  drained  ground-moraine  deposits  were  subjected 
to  weathering.  An  average  thickness  of  12  feet  of  gumbotil  was  formed 
on  the  Kansan  till  before  the  next  glaciation  occurred.  Deposits  of  peat, 
loess,  and  gravel  were  formed  in  places  at  this  time. 

3.  Illinoian  Glacial  Deposits. — The  third  ice  sheet,  the  Illinoian,  came 
from  the  Labradorian  center  and  extended  over  a  large  part  of  Illinois, 
Indiana,  and  Ohio.     A  part  of  the  lobe  extended  westward  into  Iowa, 
displacing  the  course  of  the  Mississippi  River  for  a  time.     The  average 
thickness  of  the  Illinoian  drift  is  about  30  feet.    Large  areas  of  its  surface 
are  nearly  flat  ground  moraine,  but  in  certain  belts  the  topography  is 
distinctly    hummocky,    denoting    terminal    and   recessional    moraines. 
Keewatin  equivalents  of  the  Illinoian  have  not  been  recognized  definitely. 

Sangamon  Interglacial  Materials. — During  the  interglacial  age  that 
followed  the  Illinoian  glaciation,  the  till  was  weathered  to  form  a 
gumbotil  in  many  places,  the  average  depth  being  4  to  6  feet.  Peat  and 
muck  deposits  occur  locally.  The  prolonged  period  of  weathering  during 
which  the  gumbotil  was  formed  was  followed  by  a  time  of  loess  deposition, 
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when  wind-blown  materials  were  spread  widely  over  the  weathered 
Kansan  drift  of  Iowa,  Missouri,  Nebraska,  and  Kansas  and  over  the 
weathered  Illinoian  drift  in  Illinois  and  Indiana.  Volcanic  ash,  inter- 
bedded  with  the  loess,  has  been  found  in  western  Iowa.  Calcareous 
materials  of  the  loess  were  leached  to  a  depth  of  3  to  5  feet  before  glacial 
ice  advanced  again  over  parts  of  the  region. 

4.  Wisconsin  Glacial  Deposits.— The  youngest  of  the  drift  sheets  is 
the  Wisconsin.     Its  distinctive  youthful  features  are  the  almost  unmodi- 
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Fio.  345. — Map  of  the  north  central  United  States  showing  distribution  of  glacial  drift 
of  the  successive  Pleistocene  stages. 

fied  glacial  topography  and  slight  weathering,  which  contrast  greatly 
with  the  characters  of  the  older  glacial  deposits.  Although  the  Wisconsin 
ice  did  not  reach  as  far  south,  in  general,  as  preceding  glacial  invasions, 
the  area  covered  by  Wisconsin  drift  is  much  more  extensive  than  that 
in  which  any  of  the  older  drifts  are  now  found.  The  obvious  reason  for 
this  is  that,  wherever  the  ^Wisconsin  deposits  occur,  they  overlie  and 
conceal  the  older  drift  unless  the  latter  was  removed  before  deposition  of 
the  Wisconsin.  The  margins  of  the  Wisconsin  ice  sheets  were  strongly 
lobate,  aip  shown  by  the  looped  arrangement  of  the  terminal  and  reces- 
sional moraines.  The  distribution  of  the  lobes  indicates  that  the  ice 
movement  was"  influenced  by  major  topographic  features  of  the  area 
invaded,  being  accelerated  by  broad  smooth  lowlands  and  impeded  by 
rough  uplands.  For  example,  it  is  clear  that  the  course  of  the  hummocky 
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uiorainal  belts  of  the   Wisconsin   drift    is  roughly  concentric  with  the 
Great  Lakes  depressions. 

Detailed  studies  of  the  deposits  of  the  various  Wisconsin  ice  lobes 
show  that  the  history  of  this  glaciation  is  very  complex.  It  is  known  that 
in  many  places  the  edge  of  the  ice  advanced,  retreated,  advanced  again, 
receded,  halted,  receded,  and  so  on,  with  innumerable  local  variations. 
In  some  cases,  after  the  advance  and  partial  retreat  of  one  lobe,  an 
adjoining  lobe  overrode  deposits  previously  left  by  the  other.  It  appears 
that  in  the  early  part  (lowan  substage)  of  the  Wisconsin  glaciation  the 
Keewatin  center  was  most  important.  Later  the  greatest  center  of 
radiation  was  in  the  Labradorian  region,  from  which  the  ice  pushed  south- 
westward  as  far  as  central  Illinois;  and  still  later  the  chief  center  of 
radiation  seems  to  have  shifted  westward  to  a  region  (Patrician  center) 
near  Hudson  Bay.  The  ice  then  advanced  southward,  over  territory  in 


FIG.  346. — A  drumlin,  near  Newark,  N.  Y.  The  axes  of  these  elongate  drift  hills  is 
parallel  to  the  direction  of  ice  movement.  \Yiseonsin  stage  of  the  Pleistocene  epoch. 
(G.  K.  Gilbert,  U.  S.  Geol.  Survey.) 

Ohio  and  eastward  that  has  not  been  glaciated  previously,  and  lobes 
extended  far  to  the  south  in  Iowa  and  the  Dakotas. 

The  Wisconsin  glaciation  was  effective  in  cutting  away  the  deposits 
of  previous  ice  advances  in  many  places.  Where  the  base  of  the  Wiscon- 
sin drift  is  seen,  older  drift  is  more  commonly  wanting  than  present. 

The  glacial  deposits  classed  as  Wisconsin  include  four  named  sub- 
divisions: the  first  (lowan)  belonging  to  the  earliest  part  of  this  Ice  Age, 
the  second  (Tazewell)  and  third  (Gary)  to  the  middle,  and  the  fourth 
(Mankato)  to  the  last  part  immediately  preceding  Recent  time.  These 
subdivisions  represent  separate  advances  and  retreats  of  a  single  great 
ice  sheet  during  this  glacial  age.  In  addition  to  deposits  made  by  the 
ice,  there  are  associated  gravel,  sand,  and  silt  deposits  laid  down  by  water 
and  by  wind. 

4a.  lowan  Glacial  Deposits. — Glacial  deposits  called  lowan  occur  in 
Iowa,  Minnesota,  and,  according  to  tentative  correlation,  in  the  Dakotas 
and  northeastern  Montana.  They  were  deposited  by  ice  lobes  that 
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advanced  southward  and  westward  from  Manitoba  and  southwestward 
from  the  Keewatin  center  west  of  Hudson  Bay.  The  lowan  drift,  as 
exposed  in  northeastern  Iowa,  has  an  average  thickness  of  only  10  feet, 
forming  thus  a  mere  veneer  of  comparatively  fresh  till  that  rests  on  the 
eroded  slopes  of  Kansan  till  or  the  deeply  weathered  Kansan  gumbotil, 
or  in  places  on  post-Kansan  loess. 

Post-Iowan  Weathering. — After  the  retreat  of  the  lowan  ice,  weather- 
ing of  the  new  deposits  began.  Although  leaching  has  extended  down 
to  a  depth  of  about  6  feet,  all  of  the  time  from  the  retreat  of  the  lowan 


l  i«,  ;  17. —  Exposure  ot  fleistoioiK.  u.a,»  ucai  1'eoiut,  lii.  (a)  iiunoian  till  with  mature 
weathering  profile,  (b)  late  Sangamon  loess  with  soil  and  youthful  weathering  profile,  (c) 
Peorian  loess  with  no  weathering  profile,  (d)  early  Wisconsin  till  and  gravel  with  no  weath- 
ering profile,  and  (e)  early  Wisconsin  loess  with  youthful  weathering  profile.  (Af.  Af. 
L  eight  on.) 

ice  sheet  up  to  the  present  has  been  insufficient  to  result  in  the  formation 
of  gumbotil.  The  lowan  glaciation  is  thus  relatively  recent,  and  much 
younger  than  the  Illinoian,  which,  as  previously  noted,  not  only  has  a 
well-defined  gumbotil  but  is  overlaid  by  a  well- weathered  pre-Iowan 
loess. 

Peorian  Loess. — Extensive  deposition  of  loess  (Peorian)  followed 
the  lowan  glaciation.  The  loess  is  prominent  near  the  margin  of  the 
lowan  drift  sheet,  where  in  places  it  forms  mounds  (paha  hills),  and  it  is 
widespread  in  Illinois,  southern  and  western  Iowa,  Missouri,  Kansas, 
Nebraska,  and  eastern  Colorado.  Not  all  of  this  loess  is  contemporane- 
ous, however,  and  its  sources  are  almost  certainly  of  varied  nature 
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Loess  deposits  are  especially  prominent  along  the  main  drainage  lines 
leading  away  from  the  former  ice  sheet.  The  thickness  of  the  loess  on 
the  borders  of  these  main  valleys  is  nearly  100  feet  in  places.  The  loess 
is  clearly  of  wind-blown  origin,  as  indicated  by  occurrence  of  the  thickest 
accumulations  along  the  tops  of  the  bluffs  and  uplands  adjacent  to  the 
large  river  valleys,  and  a  progressive  thinning  away  from  them.  Silt 
from  multitudinous  exposed  dry  bars  and  flats  of  the  valley  bottom  was 
swirled  aloft  by  air  currents  and  sifted  over  adjacent  land.  Vegetation 
doubtless  helped  to  hold  the  wind-laid  materials  in  place.  The  depth  of 
leaching  in  the  loess  corresponds  closely  lo  that  observed  on  the  lowan 


FIG.  348. — Glacial  erosion  has  removed  soil  cover  and  rock,  smoothing  the  upland  surface 
in  this  region,     Mount  Desert  Island,  Maine.      (W.  C.  Alden,  V.  S.  Geol.  Survey.) 

till,  which,  with  other  evidences,  shows  that  they  are  of  nearly  the  same 
age. 

46.  Tazewell  Glacial  Deposits. — The  glacial  drift  that  forms  the 
surface  of  a  large  part  of  Illinois,  Indiana,  and  southwestern  Ohio  is 
younger  than  the  Peorian  loess  because  it  is  found  overlying  the  loess. 
Also,  this  drift  which  came  from  the  Labradorian  center  is  clearly  older 
than  the  latest  Wisconsin,  which  spread  out  mainly  from  the  Keewatin 
center.  There  is  not  much  difference  in  the  amount  of  weathering  shown 
by  the  early,  middle,  and  late  parts  of  the  Wisconsin,  but  the  topography 
of  the  Tazewell  drift  is  more  modified  by  erosion  and  there  are  relatively 
few  lakes  and  swamps  on  it.  Locally  the  terminal  moraines  of  later 
Wisconsin  substages  cut  across  moraines  of  Tazewell  age. 

4c.  Gary  Glacial  Deposits. — The  drift  called  Gary  differs  from  preced- 
ing divisions  of  the  Wisconsin  in  the  very  imperfect  drainage  of  its  surface 
and  the  presence  of  numerous  lakes  and  swamps  in  its  area.  This  drift 
is  identified  in  northern  and  eastern  Wisconsin,  around  the  southern  tip 
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of  Lake  Michigan  in  the  vicinity  of  Chicago,  throughout  most  of  the 
southern  peninsula  of  Michigan,  in  northern  Ohio,  northern  Pennsyl- 
vania, and  New  Jersey.  From  Ohio  eastward,  the  Gary  drift  forms  the 
southern  border  of  the  Wisconsin  deposits. 

4d.  Mankato  Glacial  Deposits. — The  youngest  part  of  the  Wisconsin 
glacial  deposits,  named  Mankato,  is  least  modified  by  weathering  and 
erosion,  although  it  is  not  strikingly  different  from  the  Gary  drift.  The 
Mankato  drift  is  mostly  poorly  drained  and  its  area  contains  thousands 
of  lakes,  ponds,  and  swamps.  This  drift  is  widely  distributed  west  of 
the  Mississippi  Valley  in  Minnesota,  Iowa,  and  the  Dakotas,  but  it  was 
restricted  in  the  east  to  the  borders  of  the  Superior,  Michigan,  Huron, 
and  Ontario  lake  basins  and  the  borders  of  the  St.  Lawrence  Valley.  The 
late  Wisconsin  glacial  deposits  cover  a  large  part  of  Canada. 

Formation  of  the  Great  Lakes 

A  very  interesting  and  important  physiographic  result  of  continental 
glaciation  in  North  America  was  the  formation  of  the  Great  Lakes,  several 
large  temporary  glacial  lakes  now  extinct,  and  an  unnumbered  multitude 
of  smaller  lakes.  All  of  these  lakes  are  due  to  the  formation  of  depres- 
sions made  by  erosion  or  deposition  of  the  ice  or  by  the  ponding  of  water 
between  parts  of  the  glacial  ice  and  the  adjacent  land. 

The  recorded  history  of  the  Great  Lakes  began  when  the  ice  lobes 
retreated  north  of  the  St.  Lawrence-Mississippi  divide,  and  water  from 
the  normal  drainage  and  the  melting  ice  rose  until  it  found  the  lowest 
available  outlet  point.  The  levels  of  water  bodies  thus  formed  were 
maintained  until  some  other  and  lower  outlet  was  uncovered,  resulting 
not  only  in  a  change  of  level  but  also  to  some  extent  in  outline.  Shore- 
line features,  such  as  beaches  and  wave-cut  cliffs,  and  also  lake  deposits 
furnish  evidence  of  the  early  stages  of  the  lakes — features  which  are 
defined  in  proportion  to  the  duration  of  the  lake  levels.  There  are 
physiographic  evidences  also  in  the  outlets. 

In  addition  to  the  effect  of  changing  positions  of  the  ice  front,  a 
general  slow  tilting  of  the  land  surface  has  had  important  influence  on 
the  history  of  the  lakes.  Under  the  enormous  weight  of  the  continental 
ice  sheet  which  was  thousands  of  cubic  miles  in  aggregate  volume,  the 
northern  part  of  the  continent  was  considerably  depressed.  With  the 
removal  of  the  ice  by  melting  there  was  a  somewhat  resilient  upbowing 
of  the  land.  This  upward  movement  was  slow  and  there  is  evidence 
that  it  may  still  be  in  progress.  The  rise  has  been  least  in  the  south  and 
southwest  and  greatest  in  the  northeast,  where  in  places  it  amounts  to 
some  hundreds  of  feet.  The  differential  nature  of  the  warping  is  clearly 
defined  by  the  gently  tilted  attitude  of  the  lake  beaches,  which  were 
horizontal  originally.  The  main  steps  in  the  development  of  the  Great 
Lakes  are  given  in  the  following  summary  and  accompanying  maps. 
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1.  Formation  of  lakes  at  the  tip  of  the  Michigan  and  Erie  ice  lobes; 
outlets  by  way  of  Illinois-Des  Plaines  and  Wabash  rivers  to  the  Missis- 
sippi (Fig.  349). 

2.  Retreat  of  ice,  forming  larger  lakes,  especially  in  the  Erie  basin; 
abandonment  of  Wabash  River  outlet  because  of  the  uncovering  of  a 
new  outlet  that  drained  waters  of  the  Erie  basin  northward  into  a  lake 


FIG.  349. — A  very  early  stage  in  the  formation  of  the  Great  Lakes. 
and  Leverett,  U.  S.  Geol.  Survey.) 


(Modified  from  Taylor 


Fro.  350. — Lake  Whittlesey  stage  in  the  formation  of  the  Great  Lakes.     (Modified  from 
Taylor  and  Leverett,  U.  S.  Geol.  Survey.) 


FIG.  351. — Lake  Warren  stage  in  the  formation  of  the  Great  Lakes. 
and  Leverett,  U.  S.  Geol.  Survey.) 


(Modified  from  Taylor 


formed  at  the  tip  of  the  Saginaw  ice  lobe  and  thence  by  way  of  Imlay  and 
Grand  Valleys  westward  across  Michigan  (Fig.  350).  ; 

3.  Slight  retreat  of  the  Huron  lobe  causing  further  lowering  of  the 
lake  in  the  Erie  basin  to  the  level  of  a  lake  in  the  Huron-Saginaw  basin 
with  which  it  was  confluent;  drainage  westward  into  the  Lake  Michigan 
basin  and  southwest  to  the  Mississippi  (Fig.  351). 

Readvance  of  the  Huron  ice  lobe,  separating  the  Huron-Erie 
waters  from  those  of  Saginaw,  raising  the  lake  level  of  the  former  but 
hot  the  latter. 
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4.  Retreat  of  the  ice,  causing  the  beginning  of  a  lake  in  the  Superior 
basin  and  opening  outlet  for  waters  of  the  Huron-Erie  basin  by  way  of 
Mohawk  River  into  the  Hudson;  outlet  of  tlie  Lake  Michigan  basin  still 
southwestward  from  Chicago  (Fig.  352). 


FIG.  352. — Lake  Lundy  stage  in  the  formation  of  the  Great  Lakes.     (Modified  from  Taylor 
and  Leverett,  U.  S.  Oeol.  Survey.) 


Fia.  353. — Lake  Algonquin  stage  in  the  formation  of  the  Great  Lakes.     (Modified  from 
Taylor  and  Leverett,  U.  S.  Geol.  Survey.) 


PIQ.  354. — Nipissing  Lake  stage  in  the  formation  of  the  Great  Lakes.     (Modified  from 
Taylor  and  Leverett,  U.  8.  Geol.  Survey.) 

5.  Retreat  of  the  ice,  uncovering  almost  all  of  the  Great  Lakes  area, 
with  drainage  of  Lake  Erie  northward  into  the  Ontario  basin.  The  three 
upper  Great  Lakes  of  the  present  were  combined  in  a  single  large  water 
body  which  drained  eastward  across  Ontario  by  way  of  the  Trent  River 
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Valley,  thence  eastward  by  way  of  the  Mohawk.  Some  water  may  have 
been  discharged  to  the  outlet  at  Chicago  during  part  of  this  time  (Fig. 
353). 

6.  Complete  withdrawal  of  the  ice  from  the  lakes  region,  disclosing 
an  outlet  for  the  upper  lakes  by  way  of  Ottawa  River  directly  to  the  St. 
Lawrence.    This  region  in  the  northeast  was  much  lower  than  now,  the 
sea  extending  into  the  Champlain  Valley  and  Lake  Ontario  basin  (Fig. 
354). 

7.  Differential  elevation  of  country  in  the  north,  causing  abandon- 
ment of  the  Ottawa  River  outlet  and  introducing  present  conditions 
(Fig.  355). 


FIG.  355. — Present  Great  Lakes,  showing  position  of  hinge  axes  of  the  Whittlesey  and 
Algonquin  stages.  The  land  northeast  of  the  hinge-lines  has  been  differentially  upwarped 
as  a  result  of  removal  of  ice  load  by  melting.  Figures  at  right  indicate  amount  of  uplift 
in  feet.  (Modified  from  Taylor  and  Leoerett,  U.  S.  Oeol.  Survey.) 

Retreat  of  the  ice  from  the  Red  River  basin  northwest  of  Lake  Superior 
produced  a  lake  (Lake  Agassiz)  which  vastly  exceeded  in  dimensions  any 
of  the  existing  Great  Lakes.  It  is  marked  by  lake  deposits  and  well- 
formed  beaches.  The  lake  drained  southeastward  by  way  of  valleys 
now  occupied  by  the  Minnesota  and  Mississippi  Rivers.  Eventually, 
when  the  ice  retreated  far  enough  north  to  permit  discharge  of  waters 
into  Hudson  Bay,  the  lake  was  drained,  except  for  its  present  remnants, 
Lake  Winnipeg,  Rainy  Lake,  and  other  smaller  water  bodies. 

Recent  Materials 

In  the  time  since  the  ice  disappeared  from  the  northern  United  States, 
leaching  of  the  calcareous  materials  in  the  Wisconsin  drift  has  extended 
downward  about  2J^  feet.  Deposits  of  innumerable  lakes,  swamps,  and 
streams  have  been  made  since  the  glacial  ice  vanished.  Locally,  as  at 
the  south  end  of  Lake  Michigan,  sand  dunes  occur. 

Mountain  Oladation 

During  the  Pleistocene  epoch,  large  quantities  of  snow  and  ice  accumu- 
lated in  mountain  ranges  of  the  western  United  States  and  Canada. 
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Mountain  glaciation  occurred  on  a  large  scale.  At  times  of  maximum 
growth  the  glaciers  scoured  out  and  considerably  deepened  gorges  pre- 
viously cut  by  the  mountain  streams.  Tongues  of  ice  reached  many 
miles  down  the  valleys  and  in  places  spread  out  as  lobes  on  the  adjacent 
lowlands,  building  great  lateral  and  terminal  moraines.  Many  topo- 
graphic features  in  these  mountain  areas  where  ice  is  now  absent  are  due 
to  Pleistocene  glaciation.  The  effects  of  glaciation  are  recorded  as  far 
south  as  Arizona  and  southern  California. 

Multiple  Glaciation. — Early  drift  (Nebraskan  or  Kansan)  lies  on 
remnants  of  a  piedmont  terrace  bordering  the  Rocky  Mountains  in 
Montana.  The  elevation  of  the  drift-bearing  terrace  is  as  much  as 
1,000  feet  above  the  present  drainage.  Much  younger  glacial  deposits 
(Wisconsin)  and,  in  places,  also  some  drift  of  Illinoian  (or  lowan)  age 
are  found  in  the  lower  parts  of  the  valleys,  which,  subsequent  to  the  early, 
glaciation,  were  cut  down  much  below  the  high  terrace  levels.  Both 
Wisconsin  and  pre- Wisconsin  glacial  deposits  occur  in  intermontane 
basins  farther  west.  Three  and  possibly  four  glaciations  are  recognized 
in  the  mountains  of  western  Wyoming.  The  oldest  deposits  lie  on  rem- 
nants of  high  piedmont  terraces.  These  remnants  are  separated  by 
valleys  that  have  been  carved  in  places  1,000  feet  in  bedrock  since  this 
early  glaciation.  Later  drift  deposits  occur  in  the  lower  part  of  the 
valleys.  The  San  Juan  Mountains  of  southwestern  Colorado  likewise 
show  clear  evidence  of  at  least  three  glaciations  (probably  Kansan, 
Illinoian,  and  Wisconsin).  The  Sierra  Nevada  Mountains  and  many 
other  places  show  evidence  of  two  or  more  glaciations.  The  glacial 
deposits  of  different  age  are  in  each  case  recognized  by  their  topographic 
distribution  and  by  relative  weathering. 

Nonglacial  Deposits  and  Physiographic  Features 

Prominence  is  rightly  given  to  the  occurrence  and  effects  of  glaciation 
in  study  of  the  Quaternary  period.  It  must  not  be  forgotten,  however, 
that  the  glaciated  territory  in  North  America  comprises  less  than  one-half 
of  the  continent  and  that,  as  regards  the  whole  world,  effects  of  glacia- 
tion are  restricted  to  a  relatively  small  fraction  of  the  land  surface. 

The  unglaciated  regions  contain  many  kinds  of  deposits  and  numerous 
physiographic  evidences  of  conditions  in  Quaternary  time  leading  up  to 
the  present.  The  history  of  older  periods  must  be  deciphered  almost 
wholly  on  the  basis  of  the  nature,  fossil  content,  and  structure  of  deposits 
formed  during  these  periods.  The  physical  environment  in  which  the 
sediments  were  formed  is  necessarily  based  largely  on  inference.  The 
record  of  Quaternary  time,  on  the  other  hand,  te  so  recently  inscribed 
that  not  only  are  the  deposits  clearly  preserved  but  also  the  environment 
in  which  they  were  made.  The  configuration  of  the  land  surface,  a* 
developed  by  agencies  of  both  erosion  and  deposition,  is  approximately 
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equal  in  historical  significance  to  the  Quaternary  deposits  themselves. 
Physiography  can  hardly  be  dissociated  from  the  sedimentary  record. 

Quaternary  formations  and  surface  features  formed  in  this  period 
are  the  results  of  work  of  the  wind,  running  water,  ground  water,  lakes 
and  swamps,  the  sea,  and  organisms  living  on  land  or  in  the  sea.  In 
addition,  the  effects  of  crustal  movements  and  vulcanism  are  important. 
There  is  space  here  for  only  a  very  brief  survey  of  these  evidences,  which 
may  be  taken  up  by  regions. 

Atlantic  Border. — The  Atlantic  Coastal  Plain  from  New  Jersey  to 
Florida  is  covered  by  an  extensive  veneer  of  Quaternary  deposits  consist- 
ing of  clay,  loam,  sand,  gravel,  and  peat  or  swamp  muck;  and  in  parts  of 
the  north  there  are  scattered  ice-floated  boulders.  These  deposits 
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Fio.  356. — Marine  terraces  on  the  Atlantic  Coastal  Plain  and  tentative  correlation  with 
stages  of  the  Pleistocene  epoch.  During  glacial  stages  when  great  quantities  of  water  were 
abstracted  from  the  ocean  basins  to  make  ice  sheets,  sea  level  was  lowered,  but  during 
interglacial  warm  stages  the  water  was  largely  returned  to  the  oceans,  raising  the  sea  level. 
(After  C.  W.  Cooke,  U.  5.  Geol.  Survey.) 

(called  Columbia  in  Maryland,  Virginia,  and  adjacent  regions)  largely 
conceal  older  formations  on  the  interstream  areas  and  are  chiefly  confined 
to  the  lower  parts  of  the  plain,  or  below  an  elevation  of  about  250  feet. 
They  are  found  in  various  places  resting  unconformably  on  all  of  the 
older  Coastal  Plain  formations  to  the  pre-Cambrian.  The  deposits  are 
of  both  nonmarine  and  marine  origin,  the  latter  especially  being  divisible 
into  a  number  of  formations  defined  by  physiography  rather  than  differ- 
ences in  composition  or  character  of  fossils.  There  is  clear  evidence, 
consisting  of  well-defined  terraces  carved  and  built  by  the  sea  at  different 
levels,  showing  that  at  different  times  in  the  Quaternary  period  the  level 
of  the  sea  was  higher  than  now.  The  deposits  of  these  terraces  are  the 
separate  named  Quaternary  formations,  the  oldest  being  found  at  the 
highest  levels  and  the  successively  younger  ones  nearer  the  sea.  Marine 
deposits  classed  as  Recent  are  now  being  built  as  a  terrace,  the  top  of 
which  is  at  sea  level.  Unlike  the  Tertiary  and  Cretaceous  formations  of 
the  Coastal  Plain,  which  continue  uninterruptedly  seaward  from  their 
outcrops,  the  Quaternary  terrace  formations  are  discontinuous  seaward. 

OimtA**nai*v  f/wmnfmna  i Arminof  A  of  tKa  inriAt»  Ar1a»a  nf  tlia  navf  1<vnmi* 


THE  QVATtikNAM  P&klOB  573 

terrace,  and  each  terrace  formation  consists  of  the  reworked  materials 
of  higher  terraces  and  of  the  underlying  Tertiary  or  Cretaceous  sediments. 
Beneath  the  present  sea,  however,  Quaternary  sediments  of  the  same  age 
as  the  various  terrace  deposits  probably  exist. 

In  addition  to  the  deposits  laid  down  on  the  submarine  portion  of  the 
Coastal  Plain  and  in  estuaries  and  streams,  there  are  large  accumulations 
of  sand  in  beaches,  bars,  spits,  and  dunes.  Deposits  of  organic  matter 
occur  in  the  peaty  muck  of  marshes  and  swamps  and  in  the  humus  of 
soils. 

A  considerable  part  of  Florida  is  mantled  by  Quaternary  marine 
limestone  of  shelly,  oolitic,  or  marly  character.  Similar  deposits  are 
being  formed  offshore  at  the  present  time.  In  addition,  there  are  large 
coral  reefs. 

Gulf  Plains. — Quaternary  deposits  and  physiographic  features  of  the 
plains  region  bordering  the  Gulf  of  Mexico  are  essentially  comparable 
to  those  along  the  Atlantic  Coast.  A  belt  of  marine  Pleistocene  sand 
and  clay,  15  to  20  miles  wide,  occurs  along  the  Gulf  shore  in  northwestern 
Florida  and  southern  Alabama  in  addition  to  the  terraces  at  different 
levels  above  the  sea.  Along  the  Louisiana  and  Texas  coast  west  of  the 
Mississippi,  a  flat  lowland,  50  to  nearly  100  miles  wide,  is  composed  of 
Quaternary  clay  deposits  (Beaumont  and  Port  Hudson)  with  some  sand 
and  calcareous  material.  As  shown  by  well  records,  the  thickness  of  the 
Quaternary  deposits  in  some  places  is  800  feet,  and  in  at  least  one  locality 
near  the  Texas-Louisiana  line  more  than  2,000  feet,  as  is  shown  by  a 
boring  that  encountered  Recent  cypress  wood  at  that  depth.  This 
shows  that  the  coastal  region  has  progressively  sunk  as  new  deposits  of 
sediment  were  formed.  There  are  terraces  at  different  levels,  but  these 
have  not  been  correlated  definitely  with  those  of  the  Atlantic  Qoast  region. 

Stream  deposits  form  a  very  important  part  of  the  Quaternary  deposits 
in  the  Gulf  region,  for  they  comprise  not  only  the  great  delta  and  flood 
plain  of  the  Lower  Mississippi  but  alluvial  deposits  of  many  other 
streams.  During  Quaternary  time  the  Mississippi  Delta  has  been  built 
seaward  not  less  than  125  miles.  The  materials  of  the  surface  parts  of 
the  delta  and  flood  plain  of  this  and  other  streams,  and  the  development 
of  most  of  the  distinctive  physiographic  features  of  the  region,  are  of 
recent  origin. 

Along  the  coast,  especially  in  Texas,  are  long  barrier  reefs  of  sand. 

Appalachian  Region. — The  portion  of  the  Appalachian  mountain  and 
plateau  region  south  of  the  ice  border  contains  few  Quaternary  deposits 
except  alluvium  in  the  stream  valleys.  Erosion  rather  than  deposition 
has  been  dominant  during  this  period.  A  relative  lowering  of  the  posi- 
tion of  sea  level  has  caused  deepening  of  stream  valleys  below  the  broad 
flat  valley  bottoms  that  had  been  developed  in  Tertiary  times.  Numer- 
ous drainage  changes  are  evidenced  in  the  country  adjacent  to  the  glaci- 
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ated  area,  especially  in  western  Pennsylvania,  West  Virginia,  and 
Kentucky.  In  some  places  there  are  very  thick  deposits  of  gravel,  sand, 
and  clay  that  were  formed  by  the  blocking  of  valleys  by  ice  or  by  accumu- 
lation of  glacial  materials.  The  Ohio  River,  which  follows  roughly  the 
southern  border  of  the  glaciated  area,  was  formed  during  Quaternary 
time,  partly  by  diversion  of  former  north-flowing  streams  and  partly  by 
the  combining-together  of  several  formerly  separate  drainage  lines.  As 
a  result,  the  Ohio  Valley  is  wide  in  places  and  very  narrow  in  others,  and 
the  yet  unadjusted  stream  gradient  changes  in  different  sections  from 
0.5  to  over  5  feet  per  mile. 

A  minor  but  interesting  geologic  feature  that  belongs  largely  if  not 
wholly  to  the  history  of  Quaternary  time  is  the  formation  of  large  caverns, 
such  as  Mammoth  Cave  in  Kentucky,  and  their  associated  stalactitic 
and  stalagmitic  deposits.  A  number  of  the  caves  contain  skeletal  remains 
of  Pleistocene  animals  that  are  now  extinct. 

Central  and  High  Plains. — Stream  deposits  of  valleys,  terraces  and 
uplands,  and  wind  deposits,  including  loess  and  dune  sand,  are  the  chief 
Quaternary  rtiaterials  of  the  plains  region  south  of  the  glaciated  territory. 
Part  of  the  calcium  carbonate-cemented  sand  and  gravel  that  mantle 
so  great  a  part  of  the  High  Plains  east  of  the  Rockies  is  undoubtedly  of 
Pleistocene  age,  as  is  indicated  by  animal  remains  contained  in  these 
deposits.  The  calcium  carbonate  is  carried  by  percolating  ground  water 
and  deposited  from  it  by  evaporation,  forming  caliche.  In  this  way  it 
makes  a  cap  rock  that  retards  stream  erosion  and  serves  to  preserve 
great  areas  of  featureless  plains,  as  especially  well  shown  in  western 
Kansas  and  northwestern  Texas. 

There  have  been  some  readjustments  of  drainage  in  this  region,  but 
they  are  not  striking.  The  course  of  the  Missouri  River  seems  to  have 
been  established  in  much  the  same  way  as  that  of  the  Ohio,  by  diversion 
and  compounding  of  preexisting  drainage  near  the  ice  border. 

Rocky  Mountain  Region. — Besides  the  glacial  features  already  noted, 
the  Rocky  Mountain  region  contains  numerous  marks  of  Quaternary 
time.  Most  of  the  sculpture  that  gives  the  mountains  and  canyons  their 
present  form  belongs  to  the  Quaternary  period.  It  is  even  possible  that 
the  last  of  the  great  recurrent  uplifts  that  have  rejuvenated  the  range 
belongs  near  the  beginning  of  Pleistocene  time.  Nonglacial  Quaternary 
deposits  in  this  region  include  huge  quantities  of  boulders,  gravel,  sand, 
alluvium,  clay,  and  other  constituents  of  the  innumerable  talus  slopes, 
alluvial  cones  and  fans,  valley  bottoms,  lake  beds,  landslides,  and  spring 
deposits.  Formation  of  all  of  these  is  taking  place  at  the  present  time. 
Recent  earthquakes,  and  slight  movements  along  Pleistocene  and  Recent 
faults,  indicate  that  mountain-making  is  still  in  progress. 

Colorado  Plateau  and  Great  Basin. — Evidences  of  erosion  and  deposi- 
tion in  Quaternary  time  are  shown  on  a  grand  scale  in  the  Colorado 
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Plateau  and  Great  Basin  region.  Hundreds  of  miles  of  deep,  narrow 
canyons,  some  of  them  thousands  of  feet  in  depth,  have  been  largely  or 
wholly  carved  during  this  period.  Most  of  the  erosion  of  the  Grand 
Canyon  in  Arizona  is  of  Quaternary  date.  Wind,  as  well  as  running 
water,  has  been  important  in  molding  the  landscape. 

The  deposits  of  streams  and  sheet  wash  vastly  predominate  over 
those  of  lakes,  wind,  and  other  agents  of  sedimentation.  The  unconsoli- 
dated  materials  in  the  present  stream  valleys  are  almost  wholly  of 
Recent  origin.  The  large  depressions  between  the  many  mountain 
ranges  of  the  Great  Basin  are  deeply  filled  with  water-borne  waste,  much 
of  which  is  of  Pleistocene  age.  The  thickness  of  Quaternary  sediments 
is  measured  locally  in  thousands  of  feet.  Boulders,  cobbles,  and  finer 
detritus  are  carried  downward  from  the  mountains  by  occasional  torrents 


FIG.  357. — Shore  terraces  of  Lake  Bonneville,  near  Pi<>\<>,  1  tali  These  terraces  and 
the  remnants  of  high-level  deltas  show  the  existence  in  Pleistocene  time  of  a  water  body 
many  times  greater  than  the  modern  Great  Salt  Lake.  (W.  C.  Alden,  U.  S.  Geol.  Survey.) 

and  deposited  in  rudely  at ratified  fans  sloping  toward  intermontane 
depressions  that  may  be  occupied  temporarily  by  shallow  lakes  (playas). 
Evaporation  of  the  water  may  leave  deposits  of  salt. 

The  Great  Basin  contains  many  subordinate  basins  in  which  are 
found  shallow  temporary  or  permanent  lakes,  most  of  which  are  saline 
or  alkaline.  The  largest  of  these  lakes  is  the  Great  Salt  Lake  in  Utah. 
Greatly  increased  precipitation  in  this  region  during  parts  of  Pleistocene 
time  caused  such  increase  in  size  of  the  lake  that  the  waters  of  different 
basins  became  confluent.  A  very  large  lake  thus  formed  in  Utah  is 
known  as  Lake  Bonneville.  At  one  time  this  water  body  had  a  maximum 
depth  of  about  1,000  feet  and  covered  19,000  square  miles.  It  was  then 
a  fresh-water  lake,  for  an  outlet  was  established  northward  into  Snake 
River.  Subsequently,  with  increase  of  evaporation  over  precipitation, 
the  lake  level  sank  lower  and  lower,  size  dwindled,  and  the  water  became 
increasingly  salty.  Greal  Salt  Lake,  the  diminutive  descendant  of  Lake 
Bonneville,  has  a  maximum  depth  of  less  than  f>0  feet  and  an  area  of 
about  1,800  square  miles.  Large  quantities  of  salt  have  been  deposited 
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in  parts  of  the  Bonneville  basin  and  the  existing  lake  is  a  brine  containing 
more  than  400,000,000  tons  of  dissolved  salt.  Former  lake  levels  are 
clearly  marked  by  beaches  and  wave-cut  cliffs  and  by  large  deltas  of  sand 
and  gravel  that  were  built  out  into  the  lake  at  the  mouths  of  inflowing 
streams.  These  features  and  the  flat  topography  of  the  old  lake  bottom 
are  very  striking  characters  of  the  landscape  near  Salt  Lake  City,  Provo, 
and  other  cities  of  the  Salt  Lake  Valley.  A  similar  large  Quaternary  lake 
in  west  central  Nevada  is  known  as  Lake  Lahontan.  An  interesting 
deposit  formed  in  parts  of  these  lakes  is  large  masses  of  calcareous  tufa. 
Pacific  Border. — The  Pacific  Border  region,  in  which  may  be  included 
the  Sierra  Nevada,  Cascade,  and  Coast  Ranges,  the  Great  Valley  of 


FIG.  358.— The  glacially  scoured  valley  of  Yosemite,  Calif.     (F.  E.  Matthes,  U.  S.  Geol. 

Survey.) 

California,  and  the  Coastal  belt,  contains  in  places  very  thick  accumula- 
tions of  Pleistocene  and  Recent  fluviatile  gravels,  sands,  and  clays,  as 
well  as  marine  deposits  near  the  coast  that  in  places  are  nearly  a  thousand 
feet  above  present  sea  level.  Diastrophic  movements  involving  folding 
and  faulting  of  the  rocks,  accompanied  by  earthquakes,  have  been  so 
numerous  in  late  geologic  time  that  the  region  is  undergoing  change  from 
this  cause  almost  continuously.  Steeply  tilted  and  faulted  Pleistocene 
beds  are  found.  .Narrow  coastal  plains  which  are  found  in  some  places 
are  recently  elevated  portions  of  the  sea  floor. 

Evidence  of  stream  work,  so  exceptional  in  character  as  to  seem 
incredible,  is  found  in  the  Columbia  Plateau  region  of  eastern  Washington, 
which  has  become  known  as  the  Rcablands.  Along  a  plexus  of  drainage 
ways,  the  upland  loess,  100  to  300  feet  thick,  has  been  swept  away  by 
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running  water;  the  underlying  bedrock  has  been  carved  into  canyons 
which  are  hundreds  of  feet  deep  and  contain  in  places  deep  water-filled 
depressions;  there  are  huge  abandoned  waterfalls;  and  where  deposition 
occurred,  the  materials  are  found  to  consist  mostly  of  coarse,  little- 
rounded  gravel  and  cobbles  built  in  bars  up  to  400  feet  high.  The  relation 
of  all  these  features  is  such  as  to  suggest  that  the  cause  was  a  short- 
lived flood  of  enormous  volume,  sufficient  to  have  had  a  depth  locally  of 
more  than  400  feet  and  to  have  eroded  and  deposited  in  an  unprecedented 
scale  and  manner.  The  inferred  flood  has  been  called  the  Spokane  flood 
(Bretz).  It  was  possibly  produced  by  the  sudden  emptying  of  a  large 
body  of  impounded  water,  such  as  glacial  Lake  Missoula,  by  a  retreat  of 
ice  that  had  blocked  the  outlet.  It  is  also  possible  that  there  was  a 
succession  of  such  floods,  as  from  the  breaking  of  temporary  ice  dams, 
and  that  a  longer  and  more  complicated  history  is  involved. 

QUATERNARY  DEPOSITS  OF  OTHER  CONTINENTS 

Europe. — The  glacial  and  other  Quaternary  deposits  of  Europe  have  been  much 
studied,  but,  on  the  whole,  conditions  are  less  favorable  for  detailed  differentiation 


FIG.  359. — Map  of  the  Northern  Hemisphere  showing  areas  glaciated  in  the  Pleistocene 
epoch.  The  ice  sheets  of  northern  Europe  were  smaller  than  the  North  American  glaciers. 
(After  E.  Anteva.) 

of  the  deposits  and  delineation  of  corresponding  history  than  in  America.  In  the 
Alps  region,  evidence  is  found  of  four  distinct  glacial  ages  separated  by  interglacial 
ages.  In  order  from  oldest  to  youngest  the  glacial  ages  are  designated  Gttnz  (equiva- 
lent to  Nebraskan),  Mindel  (Kansan),  Riss  (Ulinoian),  and  Wurm  (Wisconsin). 
Deposits  of  continental  ice  sheets  representing  three  and  possibly  four  stages  are 
found  in  northern  Germany,  Poland,  Russia,  Finland,  Scandinavia,  and  the  British 
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Isles.  Names  applied  to  these  drift  sheets  in  northern  Europe  are  (1)  Alteste,  (2) 
Elster,  (3)  Saale,  and  (4)  Weichsel  (Woldstedt).  The  earliest  of  the  three  definitely 
recognized  drift  sheets,  classed  as  Elster  (Mindcl),  is  the  most  extensive,  while  the 
intermediate  Saale  (Riss)  covers  a  larger  territory  than  the  youngest,  or  Weichsel 
(Wttrm).  The  center  of  radiation  was  in  the  Scandinavian  Peninsula.  During  some 
of  the  Pleistocene  glaciation,  ice  extended  from  Scandinavia  across  the  North  Sea  to 
the  British  Isles,  carrying  boulders  derived  from  the  Scandinavian  rocks,  but  in  the 
last  glacial  stage  there  were  local  centers  of  ice  growth  in  Great  Britain. 

Well-defined  terraces  at  different  elevations  are  present  in  parts  of  Europe,  espe- 
cially along  the  Mediterranean  Sea.  These  terraces  are  comparable  to  those  described 
along  the  Atlantic  Coast  in  North  America  and  are  evidently  of  similar  origin.  The 
nonglacial  marine  and  nonmarine  Quaternary  deposits  that  are  found  in  Europe  are 
essentially  similar  to  those  in  America. 

Asia. — Extensive  mountain  glaciation  occurred  during  the  Pleistocene  epoch  in 
the  great  mountain  ranges  of  Asia,  like  the  Caucasus,  the  Himalayas,  Tian  Shan,  and 
others.  A  continental  ice  sheet  covered  part  of  northern  Siberia.  Western  China 
and  Mongolia  contain  extremely  thick  deposits  of  loess,  which  are  world-famous. 
Some  of  the  great  rivers  of  Asia,  such  as  the  Yangtze-kiang,  HWang  Ho,  Brahmaputra, 
and  Irrawaddy,  have  built  tremendous  alluvial  deposits  during  Quaternary  time.  The 
intensely  cultivated  fertile  plains  made  by  these  streams  support  a  denser  human 
population  than  any  other  part  of  the  world.  Pleistocene  deposits  rich  in  fossil  bones 
have  recently  been  discovered  in  the  Gobi  Desert  region  by  an  expedition  of  the 
American  Museum  of  Natural  History. 

Other  Continents. — Excepting  Antarctica,  which  is  ice-covered  today,  no  other 
continents  contain  important  Quaternary  glacial  deposits,  although  there  are  evidences 
of  mountain  glaciation  in  all  of  them,  Nonglacial  deposits  are  varied  and  widespread. 
They  include,  for  example,  the  enormous  dune  sand  areas  of  the  Sahara,  river  deposits 
of  the  Nile,  Niger,  and  Congo  in  Africa,  the  Amazon,  Orinoco,  and  La  Plata  in  South 
America,  and  the  coral  limestone  of  the  Australasian  region. 

PHYSICAL  HISTORY  OF  QUATERNARY  TIME 

As  indicated  by  characters  of  the  deposits  and  physiographic  features 
that  have  been  described,  we  may  now  summarize  the  physical  history 
of  Quaternary  time  in  North  America. 

Pleistocene  Epoch 

The  beginning  of  Pleistocene  time  is  marked  by  the  appearance  of 
the  first  of  the  continental  ice  sheets  (Nebraskan)  of  later  geologic  time. 
Accumulation  of  snow  and  ice  proceeded  gradually  until  a  vast  glacier 
was  formed,  spreading  southward  some  1,500  miles  to  points  slightly 
south  of  the  Missouri  River  in  Missouri,  The  ice  appears  to  have 
advanced  over  a  maturely  drained  region  of  moderate  relief.  When,  at 
length,  decreasing  frigidity  caused  the  ice  to  dwindle  and  disappear,  a 
widespread  mantle  of  till  and  of  fluvioglacial  gravel,  sand,  and  clay  was 
left  behind,  the  latter  extending  far  beyond  the  glacial  border  as  well  as 
covering  parts  of  the  area  within  it.  The  climatic  changes  that  led  to 
glaciation  must  also  have  affected  in  varying  ways  and  degrees  the 
unglaciated  parts  of  the  continent.  Removal  of  ocean  water  aggregating 
millions  of  cubic  miles  in  making  the  continental  glaciers  undoubtedly 
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lowered  the  sea  level  appreciably.  Of  great  importance  also  was  the 
loading  effect  of  the  ice  sheet,  which  in  the  last  glaciation  is  known  to  have 
depressed  the  northern  part  of  the  continent  considerably.  These 
changes  of  the  strand  line  must  at  least  have  influenced  erosion  and 
deposition  in  the  coastal  belts  and  may  have  affected  conditions  inland. 
Acceleration  of  stream  erosion  and  deposition  in  different  places  may  be 
inferred  where  precipitation  was  notably  increased  and  where  large 
quantities  of  water  were  furnished  by  melting  of  the  ice.  Beginning  of 
the  fluctuations  of  lakes  in  the  Great  Basin  and  of  the  formation  of  the 
Great  Lakes  depressions  may  belong  here. 

With  the  disappearance  of  the  Nebraskan  ice  sheet,  conditions 
returned  to  "normal,"  and  for  a  very  long  period,  aggregating  apparently 
some  hundreds  of  thousands  of  years,  there  was  little  important  change. 
The  Nebraskan  drift  became  more  and  more  deeply  weathered,  until  in 
the  flat,  poorly  drained  areas  several  feet  of  gumbotil  were  formed. 
There  is  evidence  that  during  much  of  this  time  the  climate  was  even 
warmer  on  the  average  than  now.  The  glacial  waters  were  returned  to 
the  seas,  causing  a  rise  of  sea  level.  Removal  of  the  ice  load  permitted 
readjustments  in  the  earth's  crust  in  the  direction  of  preglacial  conditions, 
that  is,  a  rise  of  the  land  surface  in  the  north  and  a  relative  depression 
in  the  south.  Elevation  of  the  sea  level  along  the  Atlantic  and  Gulf 
Coasts  and  less  definitely  along  the  Pacific  Border  is  marked  by  high 
terraces  and  terrace  deposits. 

The  successive  later  chapters  of  Pleistocene  history  essentially  repeat 
the  characters  of  the  first.  Return  of  cold  led  at  length  to  the  formation 
of  another  huge  ice  sheet  (Kansan)  which  spread  southward  over  much 
the  same  area  and  to  about  the  same  distance  as  the  first  glaciation. 
With  the  retreat  of  the  ice  came  a  long  time  of  genial  warm  climate 
(Yarmouth);  again  glaciation  (Illinoian)  and  a  long  interglacial  age 
(Sangamon).  The  last  glacial  age  (Wisconsin)  may  be  considered  to 
have  begun  when  the  ice  sheet  called  lowan  appeared.  The  invasion  of 
this  glacier  did  not  last  long.  It  was  followed  by  extensive  loess  deposi- 
tion (Peorian).  The  ice  sheet  spread  southward  again  (Tazewell  sub- 
stage),  the  movement  coining  mainly  from  the  Labradorian  center  and 
south  of  Hudson  Bay.  A  partial  retreat  of  the  ice  margin  followed, 
then  another  advance  (Cary  substage) .  Again  came  a  time  of  recession, 
and  a  final  advance  (Mankato  substage),  moving  especially  southward 
and  westward  from  the  Manitoba  region.  As  has  been  noted  in  describ- 
ing the  deposits,  the  last  glaciation  is  responsible  for  most  features  of  the 
land  surface  in  the  northefn  part  of  the  continent.  To  the  late  part  of 
the  Wisconsin  glacial  age  belongs  the  formation  of  the  Great  Lakes  with 
the  several  steps  that  mark  temporary  levels  and  drainage  outlets; 
also  the  formation  of  the  great  temporary  Lake  Agassiz.  The  final  part 
of  the  evolution  of  the  Great  Lakes  probably  belongs  to  Recent  time. 
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Recent  Epoch 

With  the  disappearance  of  the  last  continental  glacier,  Recent  time 
may  be  considered  to  have  begun.1  This  is  not  a  very  definite  or  sharply 
drawn  division  line  in  Quaternary  time,  as  it  is  not  known  how  long 
remnants  of  the  ice  sheet  persisted.  There  is  a  tendency  among  some 
geologists  to  regard  Recent  time  as  beginning  with  the  disappearance  of 
the  ice  at  a  given  point  in  which  they  are  interested.  Thus,  Iowa 
geologists  may  consider  that  the  Recent  epoch  began  when  the  Wisconsin 
ice  uncovered  Iowa,  whereas  Canadian  geologists  may  well  insist  that 
"~ "  ~  ~~  "  " 


FIG.  360. — Flat-top  peneplain  in  the  Colorado  Rockies.  This  erosion  surface,  formed 
during  Tertiary  time,  has  been  elevated  to  a  height  of  more  than  13,000  feet  above  sea  level, 
the  last  upward  movement  possibly  belonging  to  the  Pleistocene  epoch.  (W.  T.  Lee,  U.  S. 
GeoL  Survey.} 

the  beginning  of  Recent  was  subsequent  to  the  retreat  of  glacial  ice  from 
southern  Canada.  This  is  hardly  satisfactory,  since  what  is  called 
Recent  in  southern  areas  would  begin  several  thousands  of  years  before 
that  of  northern  districts.  The  pertinent  conclusion  is  that  there  is 
no  sharp  line  of  demarcation  between  Pleistocene  and  Recent.  By  study 
of  seasonal  bands  of  glacial  lake  clays,  the  rate  of  retreat  of  the  Wisconsin 
ice  sheet  has  been  determined  to  be  about  1  mile  in  10  years.  However, 
there  were  temporary  halts  when  recessional  moraines  were  built,  and 
it  is  probable  that  the  later  rate  of  retreat  was  considerably  accelerated. 
Postglacial  erosion  and  deposition  by  various  geologic  agencies  are 
slight  but  appreciable  in  some  places  where  the  time  in  which  the  work 

1  Schuchcrt  and  some  other  writers  define  the  beginning  of  the  Recent  epoch  as 
the  time  when  the  late  Wisconsin  ice  sheet,  having  reached  maximum  spread,  started 
to  recede.  This  definition,  which  makes  Recent  time  largely  glacial,  is  arbitrary  and 
poorly  accordant  with  the  philosophy  of  geologic  time  classification.  On  the  other 
hand,  it  may  be  argued  that  glacial  (hence,  Pleistocene)  conditions  persist  today  and 
that  Recent,  if  recognized  at  all,  should  be  classed  as  a  part  of  the  Pleistocene.  The 
"Ice  Age"  has  surely  not  vanished  in  Greenland  and  Antarctica. 
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was  accomplished  is  determinate.  For  instance,  in  several  cases  it  can 
be  ascertained  that  gorges  have  been  cut  since  the  time  of  glaciation. 
In  most  places  outside  the  glaciated  territory  it  is  not  possible  to  dis- 
criminate between  effects  of  erosion  and  deposition  belonging  to  Recent 
time  and  those  of  late  Pleistocene  age.  This  is  true  also  in  some  degree 
of  marine  deposits.  Delineation  of  details  of  Quaternary  history  is 
based  largely  on  physiographic  studies. 

Volcanic  Activity 

We  have  seen  that  the  record  of  Quaternary  time  is  by  no  means 
written  alone  in  terms  of  the  work  of  ice  and  snow.  In  addition  to 
changes  effected  by  agents  of  erosion  and  sedimentation,  evidences  of 


FIG.  361. — A  cinder  cone  of  geologically  very  recent  origin,  in  Diamond  Valley,  south- 
western Utah.     (W.  T.  Lee,  U.  £.  Owl,  Survey.) 

vulcanism  are  to  be  noted.  Igneous  rocks  of  Quaternary  age  are  not  all 
clearly  differentiated  from  those  belonging  to  the  late  part  of  the  Ter- 
tiary, but  in  the  western  part  of  the  continent  there  are  many  extensive 
lava  flows  and  numerous  cinder  cones  that  are  clearly  very  recent .  These 
occur  in  Mexico,  California,  Arizona,  New  Mexico,  Colorado,  Utah, 
Nevada,  Oregon,  Washington,  Idaho,  and  western  Canada.  Evidence 
of  Quaternary  age  is  found  in  the  relation  of  the  extrusive  igneous 
materials  to  Pleistocene  or  Recent  sedimentary  deposits  and  in  physio- 
graphic characters.  The  lava  covers  comparatively  recent  alluvium  of 
stream  valleys  in  a  number  of  cases.  Frequently  the  surface  of  the  solidi- 
fied lava  shows  ropy  structure  and  other  features  identical  with  recently 
congealed  flows  of  the  Hawaiian  and  other  volcanoes.  There  is  little  or 
no  soil,  and  vegetation  has  as  yet  not  been  able  to  gain  a  foothold  upon 
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the  lava.  Cinder  cones  appear  as  though  they  were  formed  but  yesterday 
and  might  at  any  time  resume  their  growth.  The  large  volcanic  moun- 
tains, like  Mounts  Rainier,  Hood,  and  Shasta,  are  evidently  of  pre- 
Quaternary  origin,  although  lava  flows  of  postglacial  date  are  recorded 
on  Mount  Shasta.  Another  California  peak,  Mount  Lassen,  became 
explosively  active  in  1914  after  a  quiescent  period  of  unknown  duration. 
Active  volcanoes  are  found  along  the  Pacific  Border  in  Alaska,  Mexico, 
Central  America,  and  South  America. 

An  unusually  interesting  volcanic  eruption  of  Quaternary  age  is  seen  in  the  lower 
part  of  the  Grand  Canyon  of  the  Colorado.  Streams  of  lava  poured  forth  on  the  rim, 
cascaded  to  the  bottom  of  the  gorge,  and  flowed  downstream  for  a  distance  of  fully 
70  miles.  The  fiow  that  extended  down  the  canyon  was  relatively  a  mere  thread, 
300  or  400  feet  in  width  and  about  100  feet  in  depth,  and  the  fact  that  the  even  top  of 
the  flow  maintains  about  the  same  height  above  the  present  river  and  the  great  length 
of  the  lava  tongue  shows  strikingly  the  fluidity  of  the  flow.  The  vigorously  eroding 
river  has  now  cut  away  most  of  the  flow,  but  remnants  still  cling  to  the  canyon  walls 

Duration  of  Quaternary  Time 

Many  efforts  to  compute  the  duration  of  parts  or  all  of  Quaternary 
time  have  been  made.  Various  methods  have  been  employed,  some 
worthy  of  credence,  others  little  more  than  guesses. 

Evidence  from  Weathering  of  Drift  Sheets. — The  best  available 
measure  of  the  duration  of  Pleistocene  time  seems  to  be  that  based  on 
depth  of  leaching  and  decomposition  of  the  materials  of  the  drift  sheets. 
For  example,  if  calcareous  constituents  of  the  late  Wisconsin  (Mankato) 
drift  have  been  leached  to  an  average  depth  of  2%  fee^  in  the  time  since 
this  glaciation,  the  observed  average  depth  of  leaching  in  the  lowan 
drift  of  5  to  6  feet  may  be  interpreted  to  mean  that  the  time  since  the 
lowan  glaciation  is  slightly  more  than  twice  as  long  as  that  since  the 
late  Wisconsin.  If  the  rate  of  leaching  is  slightly  slower  at  increasing 
depths,  the  value  assigned  to  post-Iowan  time  must  be  proportionately 
increased.  Gumbotil,  the  ultimate  product  of  chemical  decay  of  till  in 
flat,  poorly  drained  areas,  is  found  at  the  top  of  the  Illinoian,  Kansan, 
and  Nebraskan  tills  but  not  on  the  Wisconsin  tills,  even  where  the  topo- 
graphic conditions  are  favorable.  Evidently,  gumbotils  do  not  begin  to 
be  formed  until  there  has  been  time  for  leaching  of  calcium  carbonate 
to  a  depth  of  at  least  6  feet.  A  measure  of  the  time  value  of  gumbotils 
of  various  thicknesses  is  found  in  the  depth  of  leaching  of  gravel  deposits 
of  the  same  age  as  the  gumbo  til.  For  example,  while  12  feet  of  Kansan 
gumbotil  was  being  formed,  upland  gravels  of  the  same  age  and  in  similar 
topographic  and  climatic  conditions  were  leached  to  a  depth  of  30  feet. 
Study  of  these  results  of  weathering  of  the  drift  leads  to  the  following 
determination  (G.  F.  Kay)  of  the  minimum  comparative  time  values 
represented  by  the  weathering.  If  the  time  since  maximum  spread  of  the 
late  Wisconsin  (Mankato)  ice  is  designated  as  1,  then  post-Iowan  time 
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is  about  2.2,  Sangamon  interglacial  time  is  about  4.8,  Yarmouth  inter- 
glacial  time  12,  and  Aftoriian  interglacial  time  8.  To  convert  these  values 
to  years,  we  must  know  as  accurately  as  possible  the  time  value  of  1; 
and  to  derive  a  figure  for  the  duration  of  the  Quaternary  period,  the  time 
involved  in  the  glaciations  must  be  added  to  the  figures  for  interglacial 
and  postglacial  times. 

Evidence  from  Recession  of  River  Falls. — Attempts  have  been  made 
to  measure  the  time  since  the  Wisconsin  ice  retreated  from  the  northern 


FIG.  3H2. — Niagara  Falls,  looking  northeast  from  Goat  Island.  The  recession  of  the 
falls  furnishes  a  measure  of  the  lapse  of  postglacial  time.  This  photograph  was  made 
after  the  fall  of  rock  in  January,  1931,  that  changed  the  outline  of  the  crest.  (Courtesy 
New  York  State  Reservation  at  Niagara.) 

United  States  by  study  of  the  rate  and  total  amount  of  the  recession  of 
certain  river  falls  that  came  into  existence  immediately  after  the  last 
glaciation.  Chief  of  these  are  Niagara  Falls  and  St.  Anthony  Falls,  the 
latter  on  the  Mississippi  River  at  Minneapolis. 

The  beginning  of  Niagara  Falls  can  be  dated  at  the  lime  when  the 
Wisconsin  ice  retreated  north  of  the  escarpment  of  Niagaran  limestone 
in  western  New  York.  Drainage  from  streams,  lakes,  and  part  of  the 
ice  front  to  the  west  followed  the  present  course  of  Niagara  River  and 
tumbled  over  the  escarpment  near  the  town  of  Lewiston.  From"  this 
point  the  falls  have  subsequently  receded  about  7  miles  to  their  present 
position,  forming  Niagara  Gorge.  Dividing  the  total  length  of  the 
gorge  by  the  present  average  annual  amount  of  recession,  which  is  fairly 
accurately  determined  at  3.8  feet,  the  length  of  time  required  for  the 
making  of  the  gorge  is  figured  to  be  about  10,000  years.  This  method 
of  computation  is  inaccurate  and  gives  a  value  far  too  low  for  postglacial 
time.  The  observed  recession  rate  of  the  falls  depends  on  the  volume 
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of  UK*  discharge  of  the  present  Niuga.ni  River  which  drains  all  of  (ho 
Great  Lakes  above  Ontario.  During  much  of  the  past  when  the  waters 
of  Lakes  Huron,  Michigan,  and  Superior  had  a  different  outlet,  the  flow 
of  Niagara  River  was  correspondingly  reduced,  and  the  rate  of  reces- 
sion of  the  falls  greatly  retarded.  All  of  the  evidence  being  taken  into 
account,  estimates  of  the  time  required  for  the  recession  of  Niagara  Falls 
from  its  original  position  range  from  20,000  to  39,000  years. 

Saint  Anthony  Falls  originated  near  the  present  confluence  of  the 
Mississippi  and  Minnesota  Rivers,  where  the  waters  of  the  newly  formed 
Mississippi  were  precipitated  into  a  broad  valley  that  had  served  as  the 
outlet  for  glacial  Lake  Agassi z  in  the  North  Dakota-Manitoba  country. 


FIG.  363. — Pleistocene  banded  clay  deposits  near  Timmins,  Ontario.  Each  pair  of 
light  and  dark  clay  layers  is  termed  a  varve  and  this  marks  the  deposition  of  one  year. 
(E.  Anteva,  GeoL  Survey  Canada.) 

The  minimum  time  required  for  the  recession  of  these  falls,  which  have 
receded  northward  a  little  over  8  miles,  is  estimated  to  be  12,000  to 
16,000  years. 

Evidence  from  Seasonally  Banded  Clay  Deposits. — Another  method 
of  time  measurement  that  is  accurate  as  regards  at  least  considerable 
portions  of  late  Wisconsin  and  postglacial  time  is  by  the  study  of  the 
seasonally  banded  layers  (varves)  of  clay  or  fine  silt  deposited  in  temporary 
glacial  lakes.  A  varve  consists  of  two  layers,  a  thick  and  a  thin  one. 
The  thicker,  slightly  coarser,  and  generally  lighter-colored  layers  repre- 
sent the  more  rapid  deposition  in  the  summer  period  when  the  melting 
of  ice  was  greatest,  whereas  the  thinner,  finer,  and  darker-colored  deposits 
represent  the  winter  season.  Count  of  the  pairs  of  bands  in  any  one 
deposit  gives  a  measure  of  the  years  represented  in  making  the  deposit, 
while  careful  measurement  of  the  thickness  of  the  successive  bands  affords 
basis  for  correlation  of  the  banded  deposits  of  different  lakes  and  areas. 
The  record  may  be  thus  piecpd  together  1o  give  a  fairly  continuous  time 
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record.  Study  of  these  banded  clays  in  New  England  and  eastern  Canada 
indicates  that  the  retreat  of  the  ice  in  this  region  required  28,000  to  29,000 
years  ( Antevs) .  Although  the  measurement  of  time  actually  represented 
by  the  varves  may  be  accurate,  estimates  from  varve  studies  of  the  entire 
time  since  the  maximum  Wisconsin  invasion  are  of  doubtful  value. 
They  indicate,  however,  that  the  time  involved  is  long.  The  consensus 
of  judgment  is  that  postglacial  time  (that  is,  since  the  beginning  of  retreat 
of  the  late  Wisconsin  ice)  is  of  the  order  of  25,000  years. 

Estimate  of  Duration  of  Quaternary  Time. — If  we  accept  25,000  years 
as  the  best  determination  of  the  duration  of  time  since  the  beginning  of 
recession  of  the  late  Wisconsin  ice  sheet,  the  values  for  preceding  inter- 
glacial  ages  as  indicated  by  the  comparative  figures  previously  given  are: 
Aftonian  200,000  years,  Yarmouth  300,000  years,  and  Sangamon  120,000 
years.  Post-Iowan  time  is  55,000  years. 

Estimate  of  the  duration  of  times  of  glaciation  may  be  determined 
roughly  by  figuring  the  time  required  for  the  advance  and  retreat  of  the 
ice  sheet  as  determined  by  the  average  rate  for  the  Wisconsin  ice.  Several 
thousands  of  years  were  certainly  required  for  the  growth  of  the  conti- 
nental glacier  to  such  size  that  places  1,500  miles  from  the  centers  of 
radiation  were  covered  by  the  ice  sheet.  Additional  thousands  of  years 
were  undoubtedly  required  for  the  retreat  of  the  ice.  The  thickness  of 
the  glacial  deposits  of  the  different  drift  sheets  does  not  furnish  a  satis- 
factory basis  for  estimates  of  possibly  varying  duration  of  maximum  ice 
spread.  A  minimum  figure  for  each  glacial  age  seems  to  be  20,000  years. 
It  is  very  certain  that  the  times  of  glaciation,  even  though  30,000  to 
50,000  years  in  length,  were  extremely  short  as  compared  with  the  dura- 
tion of  the  interglacial  ages.  If  we  take  the  figures  given  above,  it  is 
concluded  that  the  Quaternary  period  can  hardly  measure  less  than 
750,000  years.  According  to  the  opinion  of  some,  it  may  be  as  much  as 
3,000,000  years. 

Causes  of  Glacial  Climate 

There  is  as  yet  no  wholly  satisfactory  explanation  of  glacial  climate. 
It  is  true  that,  wherever  there  is  a  cumulative  annual  surplus  of  snow 
over  loss  by  melting  and  evaporation,  glaciation  will  ultimately  ensue. 
It  is  also  true  that  glacial  ice  is  now  formed  at  high  altitudes  and  high 
latitudes  where  the  requisite  precipitation  and  cold  are  present.  From 
a  geological  standpoint,  however,  any  hypothesis  of  the  causes  of  glacial 
climate  not  only  must  include  occurrence  of  these  conditions  which  lead 
to  glaciation  on  a  scale  far  exceeding  the  present  but  must  also  account 
for  their  recurrences.  Further,  we  desire  to  know  why  Pleistocene 
glaciation  was  centered  in  North  America  and  northwestern  Europe  with 
very  little  effect  in  Asia  or  in  the  Southern  Hemisphere;  also  why  glacial 
climates  have  been  distributed  in  the  earlier  parts  of  geologic  history  as 
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they  have  been.  The  Permian  glaciation  appears  to  have  been  even 
more  severe  than  that  of  the  Pleistocene.  It  affected  Brazil,  South 
Africa,  India,  and  Australia,  locally  reaching  to  within  18  degrees  of  the 
Equator,  while  at  that  time  North  America  and  Europe  were  almost  or 
entirely  unglaciated.  The  problem,  therefore,  includes 'the  recurrence 
of  glacial  conditions  at  different  times  in  earth  history  and  affecting 
different  parts  of  the  globe. 

Factors  Controlling  Glaciation. — Since  temperature  and  precipitation  are  the  two 
factors  involved  in  producing  glnciation,  we  may  consider  the  possible  causes  that 
control  them. 

Atmospheric  temperature  on  the  eartli  is  due  to  the  heat  from  the  sun  arid  radiation 
from  the  earth,  the  latter  including  heat  derived  both  from  the  sun  and  from  the 
interior  of  the  earth.  Measurement  of  solar  radiation  shows  that  there  is  a  variation 
in  output  of  heat  energy  amounting  to  5  or  10  per  cent  for  periods  of  a  few  days,  and 
that  there  are  smaller  variations  in  long  periods  that  are  perhaps  related  to  cycles  of 
sun-spot  activity.  Radiation  or  reflection  of  heat  from  the  earth  varies  mainly  with 
the  angle  of  incidence  of  the  sun's  rays.  Heat  derived  from  the  interior  of  the  earth 
is  unimportant  and  there  is  no  basis  for  inferring  significant  geographic  or  periodic 
variation.  Finally,  the  amount  of  dust  particles  and  molecules  of  carbon  dioxide  and 
water  vapor  in  the  atmosphere  greatly  influences  temperature.  Atmospheric  dust 
absorbs,  radiates,  and  reflects  the  sun's  rays,  causing  lower  temperatures  at  the  earth's 
surface.  Large  quantities  of  atmospheric  moisture  and  carbon  dioxide  retard  radia- 
tion of  heat  from  the  earth  and  have,  therefore,  a  warming  effect.  In  general,  high 
altitudes  and  high  latitudes  mean  cold,  and  low  altitudes  and  low  latitudes  mean 
warmth. 

Precipitation  is  controlled  by  the  amount  of  water  vapor  in  the  air  and  the  air 
temperature.  Since  warm  air  has  a  high  moisture  capacity  and  cool  air  a  low  one,  the 
lowering  of  air  temperature  favors  precipitation.  Wind  movements,  especially 
upward  currents  such  as  occur  along  mountain  ranges,  tend  to  produce  rain-  or 
snowfall. 

Thus,  the  chief  possible  variables  which  go  to  make  a  glacial  climate  appear  to  be 
(1)  total  heat  received  from  the  sun,  (2)  latitude,  (3)  altitude,  (4)  atmospheric  con- 
stituents, (5)  precipitation,  and  (6)  geographic  factors  controlling  air  temperature 
and  precipitation.  Each  of  these  factors,  as  well  as  the  climatic  theories  based  on 
them,  will  be  discussed  briefly. 

Variation  in  Solar  Energy. — If  variation  in  the  amount  of  energy  radiated  from 
the  sun  is  primarily  responsible  for  the  Pleistocene  and  other  glaciations,  then  the 
cause  of  the  distribution  in  time  of  these  variations  is  unexplained.  Furthermore,  it 
has  been  pointed  out  that  all  of  the  known  glaciations  have  occurred  at  times  of 
enlarged  lands  and  restricted  seas  and  to  some  extent  near  times  of  prominent  moun- 
tain-building. Such  coincidence  is  hardly  fortuitous. 

The  heat  received  from  the  sun  varies  with  distance  at  different  points  in  the 
earth's  orbit,  and,  because  of  slight  annual  shift  in  the  position  of  the  orbit's  major 
axis,  there  is  a  periodic  change  in  the  orientation  of  the  earth's  polar  axis  at  points 
of  farthest  recession  from  the  sun.  The  period  of  the  change  is  about  120,000  years. 
Reduction  in  the  effect  of  solar  heat  from  this  cause  has  been  urged  as  an  explanation 
of  glacial  climates  (Croll),  the  north  and  south  polar  regions  being  alternately  sub- 
jected to  refrigeration.  Objection  to  this  and  other  suggested  astronomic  causes  of 
glaciation  is  found  in  the  distribution  of  the  geologically  recorded  glaciations  in  time 
and  in  their  evident  relation  to  emergent  continental  conditions.  Solar  variation  is  a 
possible  factor  in  producing  glaciation,  but  it  is  of  uncertain  validity  and  can  hardly 
be  eonsi4ered  the  major  cause  of  glacial  climate, 
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Variation  of  Latitude. — Because  of  the  slight  effectiveness  of  the  sun's  heating 
in  polar  latitudes,  these  regions  are  cold  and  partly  ice-covered.  Consequently,  in 
order  to  explain  past  glaciation  in  lower  latitudes,  hypotheses  have  been  put  forward 
suggesting  that  a  possible  shift  of  the  earth's  axis  involving  changes  of  latitude  would 
naturally  cause  transfer  of  the  ice  caps  to  regions  that  had  formerly  been  some  dis- 
tance nearer  the  Equator.  Whether  this  assumption  contemplates  bodily  change  of 
axis  of  a  rigid,  solid  earth  or  a  lateral  movement  of  the  earth's  outer  crust  (Wegener's 
hypothesis  of  wandering,  " floating"  continents),  insuperable  mechanical  difficulties 
appear.  Also,  there  are  many  details  in  which  this  assumed  variation  of  latitude  fails 
to  satisfy  geographic'requirements.  It  seems  preposterous  as  an  explanation  of  the 
several  glacial  and  interglacial  ages  of  the  Pleistocene. 

Variation  of  Altitude. — Since  cold  increases  with  height  above  sea  level,  it  is  easy 
to  account  for  existence  of  snow  and  ice  at  high  altitudes  even  at  the  Equator,  as  on 
Mount  Kilimanjaro  in  Africa.  If  northern  North  America  and  northwestern  Europe 
were  bodily  elevated  so  that  average  annual  temperatures  were  reduced  to  a  point 
where  rate  of  snow  accumulation  appreciably  exceeded  loss  by  melting,  glaciation 
would  result.  Deep-cut  fiords  on  the  Scandinavian  coast  and  occurrence  of  submerged 
stream  valleys  on  the  continental  shelf  on  both  sides  of  the  Atlantic  have  been  cited 
as  evidences  of  former  much  higher  elevation  of  the  lands.  If  it  is  granted,  however, 
that  the  glaciated  areas  were  thus  elevated,  such  elevation  is  a  very  doubtful  main 
cause  of  glaciation.  Reliable  evidence  points  to  upwarping  of  the  land  during  the 
warm,  interglacial  times  and  a  depressed  condition  due, to  the  enormous  weight  of 
the  ice  during  glacial  times. 

Variation  of  Atmospheric  Constituents. — Since  the  thermal  conductivity  of  the 
atmosphere  is  largely  controlled  by  its  content  of  dust  particles,  carbon  dioxide,  and 
water  vapor,  variation  in  the  amount  of  these  constituents  has  been  appealed  to  as  a 
major  factor  in  causing  glaciation. 

Volcanic  dust  particles,  which  after  explosive  eruptions  may  float  in  the  air  for 
months  or  even  years,  act  as  a  screen  that  prevents  a  part  of  the  solar  heat  from  reach- 
ing the  earth.  Temperatures  at  the  earth's  surface  may  be  lowered  several  degrees, 
as  was  the  case  in  the  "years  without  a  summer"  following  the  explosion  of  Krakatoa 
in  1883.  If  the  presence  of  atmospheric  dust  is  an  important  factor  in  the  initiation 
of  glacial  climates,  times  of  extensive  glaciation  should  be  correlated  with  epochs  of 
unusual  volcanic  activity.  The  geologic  record  contains  evidence  of  several  such 
times  of  tremendous  vulcanism,  but  in  most  of  these  there  is  no  indication  of  asso- 
ciated glacial  climate.  Nor  do  we  find  marks  of  especially  great  eruptive  activity 
connected  with  the  known  times  of  extensive  glaciation.  It  is  possible,  nevertheless, 
that,  if  other  factors  are  favorable,  the  cooling  due  to  eruptions  of  volcanic  dust  may 
cause  initial  accumulations  of  snow  and  ice,  and  when  once  started  the  cooling  effect 
of  the  ice  mass  on  surrounding  territory  favors  increased  precipitation  of  snow  that 
may  lead  to  formation  of.  a  glacial  ice  sheet. 

Carbon  dioxide  is  a  warming,  blanketing  agent.  Huge  volumes  of  carbon  dioxide 
are  locked  up  in  limestone  and  coal.  If  the  amount  of  carbon  dioxide  used  in  making 
extensive  sedimentary  deposits  of  these  kinds  greatly  exceeds  additions  of  this  gas  to 
the  atmosphere  from  volcanoes,  from  effects  of  erosion,  and  through  the  agency  of 
organisms,  the  blanketing  effect  is  reduced,  and,  according  to  arguments,  glaciation 
may  result.  Permian  glaciation  followed  the  great  coal-making  period  of  the  Carbonif- 
erous, when  also  extensive  limestone  deposits  were  formed.  On  the  other  hand,  there 
was  neither  very  much  coal  nor  limestone  in  the  Tertiary  period  preceding  Pleistocene 
glaeiation.  Further,  although  much  limestone  and  coal  were  formed  in  the  Cretaceous 
freriod,  the  formation  of  great  mountain  chains  and  the  elevation  of  continents  which 
occurred  toward  the  end  of  the  Jvlesoaoic  were  wot  accompanied  by  continental 
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Atmospheric  water  vapor  is  a  much  more  important  climatic  factor  than  carbon 
dioxide.  Variation  in  the  quantity  of  water  vapor  in  place  and  time  is  controlled 
primarily  by  geographic  conditions.  Since  the  latter  are  constantly  modified  by 
geologic  agencies,  conditions  of  atmospheric  moisture,  favorable  or  unfavorable  to 
glaciation,  may  be  expected  to  change  with  geologic  time. 

Variation  of  Precipitation. — Low  mean  temperature  unaccompanied  by  at  least 
moderate  precipitation  cannot  produce  glaciation.  Most  of  Siberia  has  a  mean 
annual  temperature  below  freezing,  but  the  yearly  total  rainfall  is  less  than  20  inches 
and  it  is  under  10  inches  over  a  very  large  territory.  Consequently,  there  are  no 
permanent  snow  or  ice  fields.  If  precipitation  were  sufficiently  increased,  it  is  certain 
that  under  present  conditions  an  ice  sheet  would  be  formed  in  Siberia.  Evidently 
variation  of  precipitation,  together  with  other  factors,  may  be  a  cause  of  glacial 
climates.  But  there  are  several  reasons  for  the  belief  that  this  cannot  be  the  sole 
cause  of  the  Pleistocene  glaciations. 

Geographic  Variation. — There  is  almost  universal  variation  of  actual  temperatures 
at  points  on  the  earth's  surface,  and  what  may  be  considered  "normal"  for  correspond- 
ing latitudes  and  altitudes.  For  example,  a  point  in  Scandinavia  at  70°  North  latitude 
has  a  higher  mean  temperature  than  one  at  50°  on  the  east  coast  of  North  America, 
and  the  Scandinavian  point  designated  is  about  30  degrees  warmer  than  a  correspond- 
ing latitude  in  eastern  North  America.  This  difference  is  largely  due  to  the  influence 
of  the  Gulf  Stream.  Oceanic  currents,  distribution  of  sea  and  land,  the  direction, 
moisture  content,  and  other  characters  of  the  prevailing  winds,  and  topography  are 
about  as  important  climatic  factors  as  latitude  and  altitude.  A  majority  of  these 
factors  are  complexly  interrelated.  It  seems  evident  that  geographic  changes  that 
modify  oceanic  and  atmospheric  circulation  may  have  far-reaching  climatic  results.  A 
combination  of  conditions  favoring  sufficiently  low  summer  temperature  and  moder- 
ately high  precipitation  necessarily  means  glaciation.  That  this  combination  of 
conditions  has  recurred  in  various  parts  of  the  world  at  different  times  in  earth  history 
is  intrinsically  no  more  surprising  nor  presumably  more  difficult  to  explain  than  the 
recurrence  at  various  places  and  different  times  of  desert  climates.  Because  the 
formation  of  ice  is  controlled  by  a  definite  temperature,  and  because  (owing  to  absorp- 
tion of  latent  heat,  high  efficiency  in  reflecting  the  sun's  heat,  and  other  characters)  the 
establishment  of  a  snow  or  ice  field  has  a  cumulative  effect  on  further  growth,  change 
in  climate  that  passes  beyond  a  certain  critical  point  has  a  trigger  effect  that  leads  to 
sudden  culmination  of  glacier-making  tendencies. 

Gradual  change  of  atmospheric  and  marine  circulation,  with  accompanying  modi- 
fication of  temperature  and  precipitation,  which  very  possibly  may  result  from  glacia- 
tion itself,  may  at  length  reverse  the  process,  introducing  a  long,  warm  nonglacial  age 
which  is  geologically  the  normal  earth  climate.  This  in  turn,  by  changes  similar  to 
those  that  inaugurated  the  glacial  cy<51e,  may  cause  a  swing  of  the  climatic  pendulum 
in  the  opposite  direction.  The  Pleistocene,  Permian,  and  to  a  lesser  extent  the  other 
known  glacial  epochs  show  clearly  these  alternating  cycles,  which  are  not  necessarily 
of  the  same  time  value.  As  previously  noted,  glacial  climates  are  unknown  in  parts 
of  earth  history  when  the  seas  widely  transgressed  the  continents;  they  occur  rather  at 
tunes  when  lands  were  enlarged  and  when  important  mountain  ranges  existed.  Not 
all  enlarged  lands  or  prominent  mountain  ranges  have  been  accompanied  by  glaciation 
on  a  large  scale,  but  seemingly  the  control  of  temperature  and  precipitation  by  geo- 
graphic conditions  is  a  large,  if  not  the  controlling,  factor  in  the  appearance  and 
disappearance  of  continental  ice  sheets. 

Conclusions. — Glaciation  is  due  to  a  combination  of  low  temperature 
and  moderately  high  precipitation.  Probably  the  most  important 
factors  controlling  these  are  of  geographic  origin,  including  especially 


THE  QUATERNARY  PERIOD  589 

circulation  of  the  atmosphere  and  oceans  and  the  existence  and  location 
of  mountain  barriers.  Contributing  factors  may  possibly  be  the  varia- 
tion in  atmospheric  constituents  and  solar  radiation.  Distribution  of 
the  major  glacial  epochs  in  geologic  time  and  their  location  geographically 
are  related  to  diastrophic  movements  that  produced  mountains,  changed 
the  outline  of  continents,  and  affected  atmospheric  and  oceanic  circula- 
tion. Rhythmic  alternation  of  glacial  and  nonglacial  ages  within  the 
glacial  epochs  may  be  interpreted  tentatively  as  the  result  of  reversed 
oscillations  primarily  controlled  by  atmospheric  and  oceanic  circulation. 
No  adequate  cause  of  variation  in  sun  energy,  atmospheric  constitution, 
or  vertical  movement  of  the  land  coincident  with  this  periodicity  of 
glaciation  is  known. 

SUMMARY 

The  Quaternary  period  includes  the  time  from  the  beginning  of  glacia- 
tion in  the  latter  part  of  the  Cenozoic  era  to  the  present.  This  period 
includes  the  Pleistocene  epoch,  which  contains  several  glacial  and  inter- 
glacial  ages  and  comprises  more  than  95  per  cent  of  the  period,  and  the 
Recent  epoch,  which  includes  the  time  since  the  retreat  of  the  last  conti- 
nental ice  sheet. 

The  chief  feature  in  the  physical  history  of  Quaternary  time  is  exten- 
sive glaciation.  The  northern  part  of  North  America  and  northwestern 
Europe  were  glaciated,  and  smaller  ice  sheets  and  numerous  large  moun- 
tain glaciers  were  present  in  other  regions.  At  least  four  times  during 
the  Pleistocene  epoch,  great  ice  sheets  made  appearance  and  then 
vanished.  The  interglacial  ages  were  very  much  longer  than  the  glacial. 
Differentiation  of  the  deposits  of  the  successive  glaciations  and  approxi- 
mate measurement  of  their  relative  age  are  established  by  observations 
of  weathering  effects  on  the  drift  sheets,  especially  depth  of  leaching  of 
calcareous  materials  and  the  formation  of  gumbotil. 

In  North  America  the  first  (Nebraskan)  and  second  (Kansan)  glacia- 
tions extended  southward  from  the  region  west  of  Hudson  Bay  (Keewatin 
center)  to  the  position  of  the  lower  Missouri  River;  and  from  regions 
in  Labrador  (Labradorian  center)  to  New  Jersey  and  Pennsylvania 
( Jerseyan  drift) .  The  third  glaciation  (Illinoian)  affected  territory  south- 
west of  the  Labradorian  center  as  far  as  Illinois  and  also  south  to  Ohio, 
Pennsylvania,  and  southern  New  England;  western  equivalents  are  not 
definitely  known.  The  fourth  glaciation  (Wisconsin)  may  be  considered 
as  consisting  of  four  subordinate  ice  advances:  (1)  lowan,  which  is  defi- 
nitely known  only  in  Iowa  and  adjacent  country  to  the  north  and  north- 
west, (2)  Tazewell,  which  is  represented  by  widespread  drift  in  Illinois, 
Indiana,  and  Ohio,  (3)  Gary,  which  is  recorded  by  drift  in  the  regions 
bordering  the  Great  Lakes  on  the  south  and  west,  and  (4)  Mankato, 
which  produced  the  drift  that  covers  western  Minnesota,  the  eastern 
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Dakotas,  and  most  of  the  northern  part  of  the  continent.  The  earlier 
ice  sheets  appear  generally  to  have  covered  a  larger  total  area  than  the 
later,  for  the  older  deposits  extend  farthest  from  the  centers  of  ice  radia- 
tion; restricted  exposure  of  the  older  drifts  is  due  partly  to  covering  and 
partly  to  removal  by  later  glaciations. 

The  Great  Lakes  were  formed  during  the  retreat  of  the  Wisconsin 
ice  sheet  by  ponding  of  water  in  large  depressions  formed  partly  by  stream 
erosion,  partly  by  glacial  erosion  and  deposition,  and  partly  by  deforma- 
tion of  the  land.  Several  stages  in  the  development  of  the  lakes  are 
marked  by  beaches  above  the  present  lake  levels  and  by  other  physio- 
graphic evidence.  The  early  stages  of  the  lakes  were  controlled  by  the 
ice  front  on  one  side  and  the  position  of  the  lowest  available  outlet  on 
the  other.  Southwestward  tilting  of  the  land  influenced  some  of  the 
changes  of  the  lakes. 

Mountain  glaciation  was  most  extensive  at  the  times  of  advance  of 
the  continental  ice  sheets.  Early  Pleistocene  deposits  of  mountain 
glaciers  are  found  at  high  levels  on  remnants  of  ancient  piedmont  terraces, 
beneath  which  subsequent  erosion  has  carved  valleys  hundreds  of  feet 
deep.  Intermediate  and  late  Pleistocene  glacial  deposits  are  found  in 
these  valleys. 

Nonglacial  deposits  of  Quaternary  age  consist  of  marine  sediments, 
wind-carried  dust  and  sand,  alluvium  of  streams,  and  sheet  wash,  lake 
beds,  swamp  muck,  spring  and  cave  deposits,  and  lesser  materials.  At 
different  levels  along  the  Atlantic  and  Gulf  Coasts  are  marine  terraces 
which  occur  to  more  than  250  feet  above  present  sea  level  and  on  which 
are  thin  marine  deposits.  These  terraces,  which  record  higher  relative 
positions  of  the  sea,  are  possibly  to  be  correlated  with  interglacial  ages 
when  the  water  of  the  ice  sheets  was  returned  to  the  sea. 

Results  of  stream  work  are  on  the  whole  most  important  in  the 
Quaternary  record  of  the  nonglaciated  parts  of  the  continent.  Numerous 
readjustments  of  drainage,  as  in  the  formation  of  the  present  Ohio  and 
Missouri  Rivers,  are  indicated  in  the  country  near  the  ice  edge.  The 
alluvial  plain  and  delta  of  the  Mississippi  were  greatly  extended  during 
this  period.  Widespread  deposits  of  calcium  carbonate-cemented  sand 
and  gravel  on  the  High  Plains  were  deposited  partly  during  Quaternary 
time. 

The  sculpture  of  the  Rocky  Mountains  and  other  ranges  of 
western  North  America,  and  of  the  Colorado  Plateau  region,  is  due 
mainly  to  stream  erosion  of  the  Quaternary  period.  A  great  thickness 
of  alluvial  deposits  and,  in  places,  of  lake  beds  occurs  in  the  depressions 
between  the  mountains  of  the  Great  Basin.  Very  large  lakes  (Bonne- 
ville,  Lahontan)  came  into  existence  at  this  time  but  have  since  almost 
disappeared  through  desiccation.  The  Columbia  River  region  bears 
Evidence  of  extraordinary  erosion  and  deposition  of  ice-flood  waters. 
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The  Pacific  Border  has  been  unstable  throughout  Quaternary  time, 
as  shown  by  folding  and  faulting  of  Quaternary  marine  and  nonmarine 
sediments,  as  well  as  by  frequent  earthquakes  in  Recent  time. 

Volcanic  activity  is  recorded  in  western  North  America  by  sheets  of 
lava  and  cinder  cones,  many  of  which  are  very  recent  in  appearance. 

The  Quaternary  record  of  other  continents  is  comparable  with  that 
of  North  America.  There  were  four  glaciations  in  Europe,  with  conti- 
nental ice  sheets  in  the  north  and  greatly  enlarged  mountain  glaciers  in 
the  Alps  and  other  mountains.  Asia  and,  in  lesser  degree,  other  conti- 
nents show  presence  of  glaciation  in  places.  In  addition,  other  kinds  of 
Quaternary  deposits  and  the  effects  of  erosion  are  very  important. 

The  Quaternary  period  has  a  duration  of  at  least  750,000  years  and 
probably  more  than  a  million  years. 

The  cause  of  glacial  climates  is  a  complex  problem.  Probably  no 
one  factor  is  alone  responsible  but  the  association  of  glaciation  and  times 
of  prominent  mountain  development  and  continental  protrusion  is  signifi- 
cant. Geographic  factors  including  distribution  and  size  of  land  masses, 
location  and  elevation  of  mountains,  and  attendant  feffects  of  these 
features  on  atmospheric  and  oceanic  circulation  are  believed  to  have  a 
controlling  influence. 


CHAPTER  XXIX 

LIFE  OF  CENOZOIC  TIME 

Just  as  the  record  of  the  earth's  physical  history  in  Recent  geologic 
time  is  more  clearly  and  completely  written,  so  the  changing  character 
of  life  on  land  and  in  the  sea  during  the  Cenozoic  era  is  better  known,  in 
general,  than  in  the  ancient  geologic  periods.  This  life  of  Cenozoic  time 
is  particularly  interesting  because  we  find  here  the  immediate  ancestors 
and  also  the  progressively  more  remote  antecedents  of  the  animals  and 
plants  of  the  present  day.  The  evolution  of  many  groups  of  organisms 
can  be  traced  step  by  step  from  primitive  generalized  forms  to  varied, 
often  highly  specialized  modern  species.  There  are  also  numerous  lines 
of  development  that  during  Cenozoic  time  have  ended  in  extinction. 
The  record  of  several  branches,  one  of  which  (the  Primates)  includes  the 
monkeys,  apes,  and  man,  is  fragmentary.  Altogether,  however,  a  fairly 
clear  picture  can  be  drawn  of  the  life  of  the  successive  Tertiary  epochs 
and  of  the  Quaternary  period. 

The  outstanding  animal  group  of  Cenozoic  time  is  that  of  the  mam- 
mals, which  are  the  highest  type  of  living  creatures.  We  shall,  therefore, 
give  first  attention  to  the  mammals  and  outline  the  main  features  in 
their  remarkable  expansion,  differentiation,  and  rise  to  dominance  on 
the  earth.  The  prominence  of  flowering  plants  is  the  main  characteristic 
of  Cenozoic  time  in  the  plant  world. 

CENOZOIC  ANIMAL  LIFE— THE  AGE  OF  MAMMALS 
Mammals 

The  Cenozoic  era  is  preeminently  the  "Age  of  Mammals/ '  for  these 
most  highly  organized  of  the  vertebrate  line  not  only  underwent  a 
remarkable  series  of  evolutional  changes  leading  from  simple  and  general* 
ized  to  highly  specialized  creatures  but  in  variety  and  numbers  quite 
took  the  place  vacated  by  the  reptilian  lords  of  Mesozoic  time. 

This  great  advance  is  especially  important  to  us,  perhaps,  because 
we  ourselves  are  mammals.  Also,  we  find  in  the  Tertiary  rocks  the  begin- 
ning or  early  stages  of  most  of  our  familiar  modern  domestic  and  wild 
animals.  On  the  whole,  the  fossil  record  is  nearly  all  that  could  be 
asked  for.  Fossil  mammals  are  abundant  at  many  horizons  and  locali- 
ties, and  in  moat  cages  the  bones  are  very  well  preserved.  There  are 
several  thousands  of  more  or  less  well-known  fossil  species  of  mammals. 
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This  must  not  be  understood  to  mean  that  knowledge  is  anywhere  nearly 
complete,  however.  On  the  contrary,  as  is  true  in  almost  all  branches  of 
paleontology,  tliere  is  surely  much  more  that  is  unknown  than  known. 
A  few  groups  of  mammals,  such  as  the  horses,  are  fairly  well  represented 
by  described  species  that  show  each  stage  in  evolution  from  near  the 
beginning  to  the  present  time  and  that  show  also  the  branching  of 
various  offshoots.  But  even  here  the  record  is  deficient  at  the  beginning 
and  there  are  probably  intermediate  stages  and  branches  of  the  horse 
family  as  yet  undiscovered.  Most  of  the  mammalian  groups  are  much 
less  completely  known. 

The  history  of  the  mammals  shows  a  beginning  that  dates  back  at 
least  to  Triassic  time;  a  slow  almost  negligible  development  in  the 
Mesozoic  era;  a  sudden  acceleration  of  evolutional  change  in  the  oldest 
Tertiary,  leading  in  the  Eocene  to  increase  in  average  size,  larger  mental 
capacity,  and  special  adaptations  for  different  modes  of  life;  further 
improvement  and  radiation  in  the  Oligocene,  with  appearance  of  some 
new  lines  and  extinction  of  others;  and  in  the  Miocene  and  Pliocene, 
culmination  of  several  groups  with  continued  approach  toward  modern 
characters.  The  history  is  far  from  ended.  The  peak  of  the  career  of 
mammals  in  variety  and  size  is  generally  regarded  as  having  been  attained 
in  Miocene  times.  The  larger  mammals  of  the  present  day  are  a  dwin- 
dling remnant  of  groups  for  which  the  end  is  almost  in  sight.  The  branch 
of  the  mammals  represented  by  man,  is,  however,  the  ruling  animal  of 
the  modern  world. 

Radiation  and  Adaptation  of  Mammals. — The  radiation  and  adapta- 
tion of  mammals  to  almost  all  possible  modes  of  life  parallel  those  of  the 
reptiles  in  Mesozoic  time.  Except  for  greater  intelligence,  the  mammals 
do  not  appear  to  have  the  advantage;  that  is,  they  are  not  more  perfectly 
adapted  in  most  cases  than  corresponding  reptilian  forms.  The  bat  is 
probably  no  better  as  a  flying  animal  than  the  pterosaur,  and  the  dolphin 
is  about  as  fishiike  as  the  ichthyosaur.  However,  many  of  the  swift- 
running  mammals  of  the  plains,  like  the  horse  and  the  antelope,  must 
excel  any  of  the  dinosaurs  or  lizards.  The  tyrannosaur  was  a  more 
ponderous  and  powerful  carnivore  than  any  flesh-eating  mammal,  but 
the  lion  or  tiger  is  probably  a  more  efficient  and  dangerous  beast  of  prey 
because  of  a  superior  brain.  But  our  purpose  here  is  not  so  much  to  make 
comparisons  as  to  point  out  that  different  branches  of  the  mammals  have 
gradually  fitted  themselves  for  all  sorts  of  life  on  the  lands,  grazing  on 
the  plains  and  able  to  run  swiftly  (horses,  deer,  bison),  living  in  rivers 
and  swamps  (hippopotamus,  beaver),  dwelling  in  trees  (sloth,  monkey), 
digging  underground  (mole,  rodents),  feeding  on  flesh  in  the  foreet  (tiger) 
and  plain  (wolf),  swimming  in  the  sea  (dolphin,  whale,  seal),  and  flying 
in  the  air  (bat).  Man  is  becoming  able  by  mechanical  means  to  conquer 
the  physical  world  and  to  adapt  himself  to  almost  any  set  of  conditions. 
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This  radiation  and  adaptation  are  responsible  for  gradual  changes  of 
form  and  structure.  It  is  biologically  characteristic  and  only  possible 
in  the  youthful,  plastic  stage  of  a  group  or,  to  a  degree,  of  an  individual. 
At  an  early  stage  in  its  career  a  phylum  or  class  or  family  or  genus  seems 
to  possess  a  capacity  for  change  which,  as  the  unit  becomes  old  and  fixed, 
disappears.  The  simple,  generalized  types  retain  longest  and  best  this 


FIG.  364. — One  of  the  early  types  of  carnivorous  mammals  called  creodonts,  Patriofdis, 
from  (he  Eorciic  beds  of  Wyoming.      (American  M  it$<  um  of  Natural  History.) 

ability  to  "carry  on"  and  to  make  adjustments  when  required.  Prob- 
ably it  is  from  them  that  the  progenitors  of  new,  fecund  stocks  take 
origin — certainly  not  from  any  of  the  specialized  end  products.  So,  in 
the  mammals  we  witness  again  the  birth,  plastic  radiation  in  many  direc- 
tions, increasing  specialization,  and  in  some  branches  the  extinction, 
which  we  have  learned  from  observation  of  the  geologic  record  of  life  is 
a  characteristic  of  the  evolution  of  life. 

Characteristics  of  the  Mammals. — The  mammals  are  distinguished 
from  other  animals  chiefly  by  the  possession  of  milk  glands  (mammae, 
from  Latin  meaning  breasts)  which  serve  to  suckle  the  young,  and  by 
having  a  more  or  less  complete  body  covering  of  hair,  which  is  as  dis- 
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tinctive  of  the  mammals  as  feathers  are  of  birds.  Like  birds,  the  mam- 
mals are  warm-blooded  and  have  a  four-chambered  heart.  Unlike  other 
vertebrates,  the  body  cavity  is  divided  by  a  diaphragm  into  a  thoracic 
region,  which  contains  the  heart  and  lungs,  and  an  abdominal  region, 
which  contains  the  stomach,  intestines,  and  accessory  organs.  The  brain 
is  relatively  large  and  in  some  classes,  such  as  the  Primates,  it  is  intri- 
cately convoluted,  the  seat  of  high  intelligence.  In  all  but  the  very 
lowest  types  the  young  are  born  alive,  but  to  varying  degree  they  are 
dependent  for  a  time  on  parental  care. 

The  skeleton  and  teeth  of  the  mammals,  on  which  knowledge  of 
fossil  species  almost  exclusively  rests,  are  fundamentally  little  different 
from  those  of  reptiles.  There  is  the  same  structural  plan  consisting  of 
skull,  vertebral  column,  ribs,  shoulder  and  pelvic  girdles,  four  limbs 
with  one  upper  and  two  lower  bones,  wrist  and  ankle  composed  of  small 
bones,  and  digits  that  primitively  number  five  on  hand  and  foot.  This 
skeleton  is  a  reptilian  inheritance.  It  is  true  that  there  are  certain 
differences  in  the  structure  of  the  skull  of  the  mammal  and  reptile,  but 
these  are  evidently  due  to  modification  and  specialization  of  the  mam- 
mals. Some  of  the  archaic  mammals  approach  the  reptiles  so  closely 
that  the  distinguishing  details  are  altogether  trivial.  The  teeth  of  the 
mammals  are  highly  varied  in  form,  depending  mainly  on  function,  and 
they  differ  from  the  common  type  of  reptilian  teeth.  Differentiation 
of  the  teeth  into  incisors,  canines,  prernolars,  and  molars  is  a  typical 
mammalian  character  (seen  also  in  theriodont  reptiles,  from  which 
mammals  were  probably  derived).  Commonly  there  are  two  sets  of 
teeth,  the  milk  dentition  which  is  lost  in  youth,  and  the  permanent 
dentition  which  grows  in  later.  As  in  the  case  of  the  variously  modified 
reptiles  of  Mesozoic  time,  the  life  habits  of  mammals  are  reflected  in 
characters  of  the  teeth  and  skeleton.  This  fact  and  comparison  with 
related  living  mammals  make  possible  fairly  accurate  determination  of 
the  habits  of  extinct  species.  Even  the  appearance  of  these  animals 
in  life,  generally  excepting  such  features  as  color,  may  be  reconstructed. 
Several  such  restorations,  based  on  much  careful  scientific  study,  are 
given  in  this  chapter. 

Origin  and  Classification. — On  the  basis  of  known  Mesozoic  fossil 
mammals  and  the  discovery  of  mammal-like  characters  in  certain  of  the 
Permian  reptiles,  the  beginning  of  the  mammalian  line  may  be  assigned 
to  a  time  near  the  close  of  the  Paleozoic  era,  and  the  ancestral  stock  was 
undoubtedly  a  small,  active  reptile  belonging  probably  to  the  theriodont 
or  cynodqnt  group.  Most  important  in  the  change  to  characters  of 
the  mammal  was  the  gradual  introduction  of  warm  blood.  This  may 
have  distinguished  some  of  the  reptiles  and  it  was  developed  in  the  birds, 
also  of  reptilian  origin.  The  body  temperature  of  lowest  mammals  is 
variable. 
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The  most  primitive  mammata  (duck-billed  mole  and  spiny  anteater 
of  Australia)  are  hatched  from  eggs,  like  almost  all  reptiles.  These  are 
set  apart  in  a  subclass  (Prototheria)  to  which  the  majority  of  Mesozoic 
mammals  belong.  The  vast  remaining  group  of  mammals  is  likewise 
divided  into  two  very  unequal  parts:  (1)  the  pouched  mammals,  in 
which  the  young  are  born  alive  but  so  immature  that  the  protection  of 
the  pouch  is  required  in  earliest  life  (opossums,  kangaroos),  and  (2) 
the  placental  mammals,  in  which  the  young  are  much  more  fully  devel- 
oped before  birth.  To  this  last  group  practically  all  common  mammals 
belong  and,  in  addition,  several  extinct  orders. 

Fossilization  of  Mammals. — Remains  of  mammals  are  found  in 
many  kinds  of  deposits,  stream-laid  clays,  sands,  and  gravels,  lake 


FIG.  365. — Trtrabdodon,  four-tusked  Miocene  elephants  oi  the  western  North  American 
plains.      (C.  R.  Knight,  Field  Museum  of  Natural  History.} 

and  swamp  beds,  wind-blown  dust  and  sand,  volcanic  ash,  asphalt, 
cave  earth,  marine  sediments  (mostly  marine  mammals),  and  less 
commonly  still  other  materials.  The  kinds  of  mammals,  numbers,  and 
state  of  preservation  depend  on  the  nature  of  the  deposit,  its  geologic 
age,  and  other  things.  It  is  worth  while  to  observe  a  few  of  these  fossil 
beds  and  consider  their  origin. 

The  great  majority  of  Tertiary  mammal  fossils  occur  in  sediments  of 
ancient  valleys  and  plains;  they  indicate  burial  in  streams  or  boggy  or 
quicksand  areas  along  stream  courses,  in  shallow  lakes  or  swamps,  and 
occasionally  in  wind  deposits.  In  each  of  these  cases  it  is  easy  to  imagine 
how  numbers  of  animals  might  be  caught  and  buried,  for  such  capture 
and  burial  are  not  infrequently  observed  in  modern  time.  Especially 
in  periods  of  drouth,  starved  and  drink-crazed  animals  seek  watering 
places  in  large  numbers  and,  very  much  weakened,  are  unable  to  escape 
from  clinging  mud.  Or,  in  exhausted  condition,  they  drink  to  excess, 
and,  especially  if  the  water  is  strongly  mineralized,  this  is  almost  immedi- 
ately fatal. 
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In  a  hard  year  on  the  western  ranges  one  may  see  many  carcasses 
of  cattle  dead  from  this  cause  and  from  thirst.  Darwin  describes  a 
long  drouth  in  Argentina  in  1827-1832  when  cattle  in  herds  of  thousands 
rushed  into  the  Parana  River  and,  being  exhausted  by  hunger,  were 
unable  to  crawl  up  the  muddy  banks  and  thus  drowned. 

The  arm  of  the  river  which  runs  by  San  Pedro  was  so  full  of  putrid  carcasses 
that  the  master  of  a  vessel  told  me  that  the  smell  rendered  it  quite  impassable. 
Without  doubt  several  hundred  thousand  animals  thus  perished  in  the  river.  .  .  . 
All  the  small  rivers  became  highly  saline  and  this  caused  the  death  of  vast  numbers 
in  particular  spots.  Azara  describes  the  fury  of  wild  horses  on  a  similar  occasion 
rushing  into  the  marshes,  those  which  arrived  first  being  overwhelmed  and 
crushed  by  those  which  followed.  ...  He  has  seen  upwards  of  a  thousand  wild 
horses  thus  destroyed.  .  .  .  Subsequent  to  the  drouth  of  1827  to  1832  a  very 
rainy  season  followed,  which  caused  great  floods.  Hence  it  is  almost  certain  that 
some  thousands  of  the  skeletons  were  buried  by  the  deposits  of  the  very  next 
year.  (Darwin.) 

In  arid  regions,  animals  may  suffocate  in  dust  storms  or  die  from 
thirst  and  the  skeletons  are  buried  readily  in  wind-blown  sand.  In 
northwestern  Kansas,  Williston  found  nine  skeletons  of  a  species  of 
large  wild  hog  lying  huddled  together  with  their  heads  all  pointing  in 
the  same  direction,  and  Gidley  in  South  Dakota  discovered  six  skeletons 
of  three-toed  horses  crowded  together,  probably  killed  and  buried  by  a 
sand  storm. 

It  is  generally  found  in  collecting  fossil  mammals  that  they  are  not 
evenly  distributed  through  the  beds  but  occur  rather  in  "  pockets/' 
with  numbers  of  individuals  crowded  together.  And  some  layers 
contain  numerous  fossils,  while  others  are  entirely  barren.  Some  of 
the  reasons  for  these  irregularities  and  the  causes  of  burial  are  evident. 

One  of  the  most  interesting  occurrences  of  fossil  mammals  in  the 
western  United  States  is  the  Rancho  La  Brea  asphalt  deposits  near 
Los  Angeles.  The  asphalt  has  been  formed  by  the  oxidation  and  solidifi- 
cation of  petroleum  that  seeps  upward  through  Pleistocene  deposits 
from  oil-bearing  strata  below.  In  the  change  from  petroleum  to  asphalt, 
very  viscous,  sticky  tar  pools  have  been  and  are  formed  on  the  surface 
of  the  ground.  These  pools  entrapped  a  multitude  of  Pleistocene 
mammals  and  birds,  sealing  their  bones  perfectly  from  decay.  Merriam 
observes  concerning  present-day  conditions  that  animals  "are  very 
quickly  rendered  helpless  by  the  gummy  mass,  which  binds  their  feet 
and  in  their  struggles  soon  reaches  every  part  of  the  body/'  The 
skeletons,  in  this  deposit  include  a  preponderance  of  carnivorous  mammals 
and  birds,  which  is  very  unusual,  for  the  carnivores  are  rarely  found  in 
numbers. 

Whenever  an  animal  of  any  kind  is  caught  in  the  tar,  its  struggles  and  cries 
naturally  attract  the  attention  of  carnivorous  mammals  and  birds  in  the  immediate 
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vicinity,  and  the  trapped  creature  acts  as  a  most  efficient  lure  to  bring  these 
predaceous  animals  into  the  soft  tar  with  it.  It  is  not  improbable  that  a  single 
small  bird  or  mammal  struggling  in  the  tar  might  be  the  means  of  entrapping 
several  carnivores,  which  in  turn  would  serve  to  attract  still  others.  ...  In  the 
first  excavations  carried  on  by  the  University  of  California  a  bed  of  bones  was 
encountered  in  which  the  number  of  sabertooth  (cat)  and  wolf  skulls  together 
averaged  20  per  cubic  yard  (Merriam). 


FIG.  366. — Restoration  of  the  saber- toot  bed  ti^t-r  Smilodon.  Abundant  remains  of 
this  ferocious,  highly  specialized  member  of  the  cut  family  have  been  gathered  from  Pleisto- 
cene asphalt  deposits  near  Los  Angeles,  Calif.  (C1.  R.  Knigfa,  American  Museum  of  Natural 
History.) 

Occurrence  of  Fossil  Mammals. — The  land  deposits  of  Cenozoic 
age  in  many  parts  of  the  world,  but  especially  in  the  western  part  of 
the  United  States,  have  yielded  a  wonderful  series  of  fossil  mammals  that 
not  only  shows  the  stages  of  development  of  various  existing  families 
but  brings  to  light  a  host  of  offshoots  from  the  mammal  line  that  flour- 
ished for  a  time  and  then  disappeared. 

The  Cenozoic  record  begins  with  earliest  Eocene  (Paleocene)  beds, 
the  chief  fossil  localities  being  located  in  northwestern  New  Mexico 
(Puerco  and  Torrejon  beds)  and  in  parts  of  Wyoming  and  Montana 
(Fort.  Union).  The  chief  fossil  horizons  in  the  lower  Eocene,  however, 
are  in  slightly  higher  beds  (Wasatch)  and  are  widely  distributed  in 
central  and  southern  Wyoming,  Utah,  and  New  Mexico.  In  the  top 
part  of  the  lower  Eocene  in  central  Wyoming  are  other  hut  less  abundant 
fossils  (Wind  River).  The  middle  Eocene  of  Wyoming  (Bridger)  has 
yielded  a  variety  of  interesting  mammals,  and  in  the  upper  Kocene  are 
still  oilier  fossil-bearing  deposits  (Tinta)  chiefly  worked  in  northeastern 
Utah. 
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There  are  two  chief  regions  of  Oligocene  mammals.  The  early 
and  middle  parts  of  the  epoch  are  represented  by  the  famous  White  River 
beds  in  the  badlands  region  of  southwestern  South  Dakota  and  adjacent 
parts  of  Nebraska  and  Wyoming.  Three  distinct  zones  are  present  here 
and  three-quarters  of  a  century  of  collecting  has  yielded  a  larger  number 
of  complete  fossil  mammal  skeletons  than  is  known  from  any  other  like 
area  in  the  world.  The  strange  mammals  of  this  early  day  are  therefore 
relatively  well-known.  The  other  Oligocene  fossil  collecting  ground 
is  the  John  Day  Basin  in  eastern  Oregon;  it  represents  a  slightly  later 
fauna. 

Miocene  bone  beds  are  widespread  in  the  Great  Plains  country 
from  South  Dakota  to  Kansas  and  Colorado,  and  in  central  Wyoming 
(Arikaree).  The  number  and  variety  of  the  fossils  are  very  great. 

The  best  Pliocene  mammal  localities  are  also  found  in  the  plains 
deposits  east  of  the  Rockies,  especially  in  western  Nebraska,  Kansas 
(Ogallala),  and  northwestern  Texas. 

Pleistocene  mammals  have  been  found  in  practically  all  parts  of 
the  continent,  in  stream  deposits,  swamps,  caves,  and  near  Los  Angeles 
in  the  asphalt  deposits  described. 

South  America,  chiefly  in  the  Argentine,  has  yielded  a  remarkable 
assemblage  of  fossil  mammals  differing  almost  wholly  in  character  from 
that  in  the  northern  continent.  The  Old  World  contains  fossil  mammals 
in  many  places,  especially  in  France,  southeastern  England,  Switzerland, 
southern  Germany,  and  Italy.  Eocene  deposits  near  Paris  are  famous 
because  of  the  classic  studies  of  the  great  naturalist  Cuvier.  Asia  is 
less  explored  than  Europe,  but  fossil  mammals  are  known  in  Tertiary 
deposits  of  the  Himalayan  belt,  in  China,  India,  Japan,  and  elsewhere. 
Recent  expeditions  of  the  American  Museum  of  Natural  History  into 
the  Gobi  Desert  of  Mongolia  have  been  successful  in  unearthing  numerous 
interesting  fossil  mammals,  including  Baluchitherium,  the  largest  land 
mammal  known. 

Evolution  of  the  Chief  Orders  of  Mammals 

We  shall  now  observe  the  characteristics  of  a  few  of  the  mammal 
orders  at  various  stages  in  their  development  as  shown  by  fossil  remains. 

ARCHAIC   HOOFED    MAMMALS 

The  Early  Tertiary  formations  contain  two  main  groups  of  primitive 
hoofed  mammals  which  are  partly  ancestral  to  the  varied  host  of  later 
hoofed  animals  (ungulates)  but  which  are  certainly  in  part  unsuccessful 
offshoots.  They  are  the  condylarths  (" knuckle-jointed  "),  and  the 
amblypods  (" blunt-footed")*  both  restricted  to  the  Eocene. 

Condylarths  are  exceedingly  primitive  hoofed  creatures  wiflh  five 
digits  on  each  foot,  a  generalized  type  of  body,  and  a  long  heavy  tail, 
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resembling  in  many  ways  some  of  the  early  clawed  mammals.  The 
skull  is  long  and  low,  the  brain  case  small,  and  the  teeth  unspecialized 
and  low-crowned.  The  best-known  genus  (Phenacodus)  had  about  the 
size  of  a  small  shepherd  dog.  The  condylarths  approach  the  characters 
of  the  hypothetical  ancestors  of  the  ungulates,  but  the  fossils  so  far 
discovered  can  hardly  be  in  the  direct  line  of  descent  of  these.  They  are 

nore  closely  related  to  the  odd-toed 
than  to  the  even-toed  hoofed  mammals. 
The  group  disappeared  before  Medial 
Eocene  time. 

Amblypods    are    distinguished    by 
stout,  pillar-like  limbs  ending  in  short, 
blunt  feet  like  those  of  an  elephant,  and 
called    condylarths.    Eocene,    western  by  the  archaic  nature  of  the  teeth  and 

United  States.  gkuU       The   brain   capadty  wag  smalj 

These  animals,  which  are  one  of  the  most  prominent  groups  of  Eocene 
time,  show  a  gradual  increase  of  size  and  an  interesting  specialization  of 
the  skull.  The  oldest  (Pantolambda,  Paleocene)  had  a  narrow  head  and 
long  body  somewhat  smaller  than  those  of  a  sheep  and  much  shorter  legs; 
the  tail  was  long  and  catlike.  The  general  form  of  the  animal  suggests  its 
cousins,  the  condylarths.  In  the  lower  Eocene  Wasatch  beds  the  most 


Pantolambda  Coryphodon 

Maal  Ecxane  (Torrejon)  Lower  Eoc*r*  (Was«t ch) 

Fio.  368. — The  oldest,  most  primitive  known  amblypod  Pantolambda,  and  a  later,  more 
advanced  member  of  this  group,  Coryphodon.     Eocene,  western  United  States. 

common  mammal  is  Coryphodon,  a  heavy,  sluggish  amblypod  with  broad 
flattish  skull  that  bore  no  horns  but  carried  on  the  upper  jaws  a  pair 
of  swinelike  tusks.  This  animal  attained  the  size  of  a  cow.  The 
culmination  of  the  amblypods  is  seen  in  the  middle  Eocene  Bridger 
beds,  where  they  are  the  most  striking  and  characteristic  mammals. 
There  are  several  kinds,  but  all  are  commonly  called  uintatheres,  after 
the  best-known  genus  (Uintatherium).  In  appearance  and  bulk,  the 
body  of  these  creatures  resembled  a  small  elephant  with  a  height  of 
about  7  feet,  but  the  head  was  most  unlike  an  elephant.  The  long 
nasal  bones  indicate  that  there  was  no  trunk,  for  development  of  a 
trunk  is  always  accompanied  by  shortening  of  these  bones.  The  top 
.of  thelong  skull  carried  three  pairs  of  horns,  the  front  pair  above  the 
nose  possibly  sheathed  with  horn  as  in  the  rhinoceros,  the  middle  pair 
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above  the  eyes  and  the  back  pair  at  the  base  of  the  skull  being  rounded 
at  the  ends  and  probably  covered  with  skin  as  in  the  giraffe.  The  top 
of  the  back  part  of  the  skull  is  peculiarly  depressed  and  dish-shaped, 


\\\ 


Flu.  369. — Skeleton  and  restoration  of  the  amblypod  Uititatheriiim,  from  the  late  Eocene 
deposits  of  Utah.     (American  .}fuscum  of  Natural  History.) 

leaving  little  space  for  the  brain,  which  was  indeed  small.  The  males 
carried  long  curved  or  spearlike  tusks  projecting  downward  from  the 
upper  jaws.  The  uintatheres  were  assuredly  bizarre-looking  animals. 
They  are  the  last  of  the  amblypods,  disappearing  in  the  late  Eocene 
(Uinta). 

THE    ODD-TOED    HOOFED    MAMMALS 

The  two  largest  divisions  or  orders  of  hoofed  mammals  are  differ- 
entiated on  the  basis  of  foot  structure,  the  so-called  odd-toed  group 
(perissodactyls),  in  which  the  central  too  is  larger  than  the  others  because 
it  bears  more  of  the  weight,  and  the  even-toed  group  (artiodactyls), 
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in  which  the  weight  is  borne  mainly  or  wholly  on  two  toes  of  the  same 
size.  The  most  important  of  the  first  group  is  the  horse,  man's 
comrade  and  most  valued  domestic  animal.  Other  odd-toed  hoofed 
mammals  are  the  rhinoceroses,  tapirs,  and  the  very  strange  extinct 
animals  called  titanotheres  and  chalicotheres. 

Horses. — The  horse  is  a  highly  and  efficiently  specialized  mammal, 
distinguished  chiefly  by  characters  of  the  limbs  and  teeth.  The  limbs 
are  wonderfully  fitted  for  running,  which  is  the  horse's  chief  means  of 
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FIG.  370. — The  lower  part  of  the  limbs  of  the  modern  and  fossil  horses,  drawn  to  scale, 
showing  progressive  enlargement  of  the  central  digit  and  the  gradual  disappearance  of  the 
side  toes.  The  part  of  the  limbs  represented  is  that  below  the  wrist  or  ankle.  (Modified 
from  Scott.) 

self-preservation.  The  teeth  are  specially  adapted  for  grazing  on  the 
tough  grasses  of  the  plains.  We  shall  examine  first  the  character  of  these 
structures  in  the  modern  horse  and  then  trace  their  development  as 
shown  by  fossil  species. 

The  limbs  and  feet  of  the  horse  differ  from  those  of  all  other  hoofed 
mammals  in  that  there  is  but  a  single  functional  toe  or  digit  on  each 
limb.  Comparison  with  other  animals  shows  that  the  horse  walks  on 
the  very  tip  of  finger  and  toe;  the  wrist  is  the  "knee/1  the  ankle  is  the 
"hock,"  and  the  elbow  and  real  knee  are  close  up  to  the  body.  Thus, 
the  long  slender  limb  results  essentially  from  lengthening  of  the  lower 
bones,  the  upper  ones  carrying  the  powerful  well-bunched  muscles  that 
propel  the  lower  limbs  by  means  of  thin  strong  ligaments.  Although 
the  lower  limb  consists  of  a  single  digit,  the  bones  are  so  increased  in 
size  that  they  form  an  adequate  support.  The  joints  are  fitted  with  a 
tongue-and-grobve  arrangement  so  that  only  forward  and  backward 
motion  is  possible.  Altogether  the  limb  structure  is  so  perfectly  designed 
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for  running  swiftly  that  one  may  well  doubt  the  possibility  of  further 
development  along  this  line  in  an  animal  of  the  size  of  the  horse. 

The  teeth  consist  of  long-crowned  cropping  teeth  (incisors)  in  front, 
very  long-crowned  grinding  teeth  (molars  and  premolars)  behind,  and 
in  the  males,  but  rarely  in  females,  tusks  or  canines.  The  incisors  are 
peculiar  in  having  a  deep  pit  in  the 
cutting  face  of  the  tooth,  which  is 
due  to  an  infolding  of  the  hard 
enamel,  like  the  pushed-in  end  of  the 
finger  of  a  glove.  As  the  teeth  are 
worn  down,  the  size  of  the  pit  is 
reduced ;  this  is  used  in  determining  a 
horse's  age.  The  grinding  teeth  are, 
nearly  square  in  cross-section  and 
the  three  elements  of  the  tooth  struc- 
ture, enamel,  dentine,  and  cement 
are  elaborately  infolded  so  as  to  give 
a  characteristic  pattern  of  the  more 
resistant  enamel  upon  the  wearing 
surface.  The  teeth  have  an  exces- 
sively long  crown  so  that  years  of 
wear  are  compensated  by  gradual  out- 
ward growth  of  the  grinders.  In 
extreme  old  age  they  are  worn  down 
near  the  roots.  The  premolars  of  the 
horse  have  assumed  the  characters  of 
the  molars. 
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FIG.  371. —Evolution  of  the  skull  of 
The  long  grinding  teeth  the  horse  (left)  and  teeth  of  Eocene  and 

are  accommodated  in  the  skull  by  a  Oligocene  horaes  (rif?ht)-  (Afier  Sco"') 
deep  lower  jaw  and  by  the  elongation  of  the  skull  with  the  eye  orbit 
well  back,  giving  room  for  the  teeth  in  the  upper  jaw. 

Horses  have  attained  a  large  size,  exceeded  only  by  a  few  other  kinds 
of  land  mammals.  Some  of  the  draft  horses  reach  a  shoulder  height  of 
6  feet  4  inches  and  a  weight  of  2,400  pounds.  The  horse  is  a  very 
intelligent  animal.  The  brain  is  not  only  large  but  is  of  a  relatively 
high  type,  well  convoluted.  Like  man  and  the  elephant,  the  horse 
has  shown  the  ability  to  adapt  himself  to  all  climatic  environments. 
However,  horses  iij  the  natural  wild  state  are  restricted  to  parts  of  Asia 
and  Africa,)  all  of  the  living  horses  of  other  continents,  including  the  wild 
™i!st*mgs  of  western  North  America,  having  been  introduced  by  man. 

Jlyolution  of  Horses. — The  oldest  known  horses  are  diminutive 
creatures,  about  a  foot  high,  skeletons  of  which  occur  in  lower  Eocene 
deposits  of  North  America  (Eohi^pus^  the  "(jjawn  horse,"  WasatcK  bedsj! 
and  southern  England  (Hyracotherium).J  (ffnese  might  really  fail  of 
recognition  as  primitive  horses  except  for  the  almost  complete  series  of 
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intergrading  fossils  in  later  Ceqiozoic  rocks  that  definitely  connect 
the  dawn  horse  with  living  horses.  The  Old  World  type  is  a  little  more 
primitive  than  the  American  and  may  well  have  been  ancestral  to  the 
rhinoceroses  and  tapirs  as  well  as  horses,  for  the  generalized  teeth  and 
skeleton  have  characters  common  to  all  of  these.  jEohippuSj  about  the 
same  as  a  fox  terrier  in  size,  has  limbs  of  moderate  length,  with  four 


FIG.  372. — Skeleton  and  restoration  of  the  Eocene  "dawn  horse"  (Eohippus)  below; 
skeleton  of  a  three-toed  Miocene  horse  (Protohippua)  above.  (American  Museum  of 
Natural  History.) 

complete  toes  on  the  forefoot,  and  three,  with  remnant  of  a  fourth,  on 
the  hind  foot.  The  two  bones  of  the  forearm  and  foreleg  are  both 
separate  and  normal.  The  animal  was  adapted  for  running  but  did  not 
walk  on  the  tips  of  the  digits  as  later  horses.  The  teeth  are  very  unlike 
those  of  the  modern  horse  in  that  the  crown  is  short  and  the  grinding 
surface  consists  of  cusps  that  only  begin  to  show  the  structure  of  the 
teeth  in  later  types.  The  last  premolar  is  becoming  like  the  molars. 
These  teeth  were  fitted  for  browsing  rather  than  grazing  and  suggest, 
with  other  evidence,  that  the  American  dawn  horse  was  a  forest  dweller, 
not  a  creature  of  the  open  plains, 
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The  middle  Knccuw  (Bridger)  beds  contain  a  slightly  larger  and 
less  primitive  fossil  horse,  and  the  upper  Eocene  (Uinta)  another. 
Climatic  changes  in  Oligocene  and  Miocene  time,  with  decrease  of  forests 
and  increase  of  meadow  and  plains  country,  are  probably  responsible  for 
the  chief  modifications  seen  in  the  several  genera  of  fossil  horses  from 
deposits  belonging  to  these  epochs.  There  is  a  distinct  but  gradual 
increase  in  size,  the  toes  on  each  foot  are  reduced  to  three,  and  the 
teeth,  especially  in  some,  show  a  marked  change  toward  the  modern 
horse.  The  late  Miocene  and  the  Pliocene  horses  carry  these  modifica- 
tions farther  and  we  find  here  the  first  one-toed  horse,  the  remnants  of 
the  side  toes  being  represented  merely  by  bony  splints  below  the  wrist 
and  ankle.  Contemporary  horses,  however,  still  retain  small  but 
complete  side  toes.  There  are  offshoots  of  the  horse  stock  which  existed 
for  a  while  and  then  died  out.  The  Pleistocene  deposits  of  North  and 


Fio.  373. — Skeleton  of  a  small,  swift-running  rhinoceros  (Hyrachyus)  of  Eocene  age.     (Pea- 
body  Museum  of  Natural  History,  Yale  University.) 

South  America  contain  numerous  remains  of  horses  which  are  essentially 
modern,  but,  for  reasons  that  are  entirely  unexplained,  horses  became 
extinct  in  the  Western  Hemisphere  before  the  beginning  of  the  present 
or  Recent  geologic  epoch.  If  Old  World  species  that  are  probably 
migrants  or  descendants  of  migrants  from  North  America  had  not 
survived,  we  should  know  the  horse  only  as  we  do  the  amblypod,  from 
fossil  bones. 

The  evolution  of  the  horse,  more  completely  shown  by  discovered 
fossils  than  probably  any  other  mammal  group,  shows  clearly  (1)  length- 
ening of  the  limbs,  (2)  change  of  foot  posture  from  digits  with  much 
of  the  length  to  only  the  tip  in  contact  with  the  ground,  (3)  reduction 
in  the  number  of  digits  on  each  foot  to  one,  (4)  reduction  of  smaller 
bones  (ulna  and  fibula)  of  the  limbs,  (5)  modification  and  com- 
plication of  the  teeth  from  a  type  adapted  for  browsing  to  one  adapted 
for  gracing,  (6)  elongation  of  the  skull  and  neck,  and  (7)  marked  increase 
in  size. 
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Rhinoceroses. — The  fossil  record  of  rhinoceroses  is  second  only  to  that 
of  the  horses  in  abundance  and  completeness.  Modern  representatives 
of  this  family  are  restricted  to  Africa,  India,  Java,  arid  Sumatra,  and 
therefore  they  seem  quite  foreign  to  the  North  American  continent. 
Yet  rhinoceroses  were  very  much  at  home  here  during  most  of  Tertiary 
time,  and  there  is  even  evidence  that  they  originated  in  the  western 
United  States.  They  migrated  to  all  parts  of  the  world  except  South 
America  and  Australia. 


FIG.  374  The  -hurt  hi's^-il  barrel-bodied  rhinoceros  (Ttlcoceraa)  that  inhabited 
stream  valleys  of  the  western  Kanbits  and  Nebraska  plains  iu  Late  Tertiary  time.  (Ameri- 
can Museum  of  Natural  History.) 


The  modern  rhinoceroses  are  large  beasts,  4  to  6^2  ^ee^  high  at  the 
shoulders,  with  long  body,  short  elephant-like  legs,  and  a  long  head 
bearing  one  horn  on  the  nose  or  one  on  the  nose  and  another  on  the  fore- 
head. These  horns  are  unlike  those  of  other  horned  mammals,  such  as 
deer  or  cattle,  in  that  they  consist  of  solid  horny  substance  without  a 
bone  core.  The  horns  are  not  preserved  as  fossils  but  the  presence  of 
horns  and  their  place  of  attachment  are  shown  by  roughened  thickenings 
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of  the  skull.  Not  all  ancient  rhinoceroses  had  horns,  however,  their 
place  in  this  family  being  indicated  by  other  characters  of  skeleton  and 
teeth.  The  modern  rhinoceroses  have  three  toes  on  each  foot,  the 
central  one  the  largest;  this  is  commonly  true  of  the  fossil  forms  but  the 
more  primitive  had  four  toes  on  the  front  feet.  The  initial  five-toed 
ancestor  is  unknown. 

The  middle  Eocene  (Bridger)  beds  contain  several  species  of  primi- 
tive rhinoceroses  (Hyrachyus)  about  the  size  of  a  sheep  or  somewhat 
larger.  The  skeletons  are  interesting  because  <>f  unspecialized  characters 
and  there  are  many  resemblances  to  the  dawn  horse.  From  this  or  a 
similar  generalized  archaic  rhinoceros,  at  least  four  dislinct  and  divergent 
lines  of  descent  arose:  (1)  relatively  light -bodied,  hornless  animals 
with  slender  limbs  adapted  for  running  (hyracodonts) ;  (2)  large-bodied, 


Fia.  375.-    Skull  of  Baluchithcrium,      (American  Museum  of  Natural  History.) 

short,  and  heavy-legged  aquatic  animals  (amynodonts);  (3)  gigantic  long- 
necked,  long-headed  hornless  forms  known  only  from  Asia  (baluchi- 
theres) ;  and  (4)  the  true  rhinoceroses,  which  are  generally  horned. 

The  Oligocene,  Miocene,  arid  lower  Pliocene  beds  of  western  America 
contain  very  abundant  remains  of  rhinoceroses,  forming  locally  veritable 
bone  beds.  One  interesting  rhinoceros  that  lived  in  large  numbers 
along  streams  and  marshy  areas  in  western  Nebraska  and  Kansas  in  late 
Miocene  and  early  Pliocene  time  is  noteworthy  because  of  his  long,  large 
barrel-like  body  and  absurdly  short  legs  (Teleoceras). 

•  Although  not  known  in  North  America,  we  may  specially  notice  the 
baluchitheres  (named  from  Baluchistan,  central  Asia,  where  they  were 
first  discovered).  These  are  the  largest  known  land  mammals,  attaining 
a  height  of  more  than  16  feet  at  the  shoulders  and  a  total  length  of  about 
25  feet.  The  head,  armed  with  two  powerful  tusks,  was  about  4^  feet 
long  and  the  neck  also  unusually  extended.  The  legs  were  long  and 
the  whole  appeanmce  somewhat  giraffe-like  but  much  heavier.  This 
branch  of  the  rhinoceros  group  doubtless  fed  on  the  foliage  of  trees.  It 
lived  in  the  late  Oligocene  or  early  Miocene.  The  American  Museum 
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of  Natural  History  expedition  to  Mongolia  recently  was  fortunate  in 
finding  remains  of  this  huge  animal. 

Titanotheres. — This  is  an  interesting  branch  of  the  odd-toed  hoofed 
mammals  that  appeared  in  the  early  Eocene  of  the  western  United 
States,  developed  rapidly  to  a  culmination  in  the  Oligocene,  and  then 
suddenly  died  without  issue.  This  group  is  most  abundantly  represented 
in  North  America  but  is  now  known  also  from  Asia  and  Europe.  The 
earliest  known  representative  of  this  family  was  a  trifle  smaller  than  a 
sheep,  the  skull  long  and  narrow,  bearing  tusks  but  without  horns. 
The  forelimbs  had  four  toes  and  the  hindlimbs  three.  Later  titanotheres 
(" giant  beasts")  increased  in  size  to  elephantine  proportions.  The 
limbs  were  stout  and  pillar-like,  and,  as  in  the  elephant,  the  short  feet 
were  supported  by  thick  pads.  The  most  striking  modifications  are 
seen  in  the  skull,  which  developed  bony  knobs  and  eventually  great  bony 
paired  horns  over  the  nose.  With  the  evolution  of  horns  there  was 
reduction  and  loss  of  the  tusks,  the  skull  became  long,  very  broad,  and 
strengthened  to  withstand  the  impact  when  the  horns  were  put  to  use. 


FIG.  376. — Restorations  of  an  early  and  late  type  of  the  titanotheres  from  western 
North  America.  The  small  animal  is  Eotitanopa  from  the  lower  Eocene  beds,  the  largo 
one  Brontotherium  from  Oligocene  beds.  (H,  F.  Osborn,  U,  S.  Geol.  Survey.} 

Despite  the  large  bulk  of  the  later  titanotheres  the  brain  was  very 
small,  not  larger  than  a  man's  fist,  indicating  a  low  order  of  intelligence. 
Chalicotheres. — The  strangest  of  perissodactyls  are  animals  called 
chalicotheres  from  North  America  and  Europe,  occurring  in  middle 
Eocene  to  lower  Pliocene  beds.  The  skull  and  remainder  of  the  skeleton 
except  limbs  and  feet  are  not  greatly  unlike  those  of  a  horse,  although 
there  are  many  differences.  The  feet  are  armed  with  great  claws  and, 
when  the  first  specimens  were  discovered,  in  disconnected  form,  they  were 
referred  to  an  order  entirely  different  from  that  in  which  the  skull  had 
been  placed.  Complete  skeletons  now  known  show  that  the  horselike 
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body  and  clawed  feel,  actually  belong  together.  That,  thin  grotesque 
animal  fed  on  plants  is  plainly  shown  by  the  teeth.  The  claws  probably 
served  in  grubbing  roots  and  tubers.  Some  of  the  chalicotheres  con- 
siderably exceeded  in  height  and  bulk  a  good-sized  horse  (see  Fig.  389). 


FIG.  377.-— Skeleton  of  a  chalicothere  (Moropus)  from  Miocene  beds  of  western  Nebraska. 
THE    EVEN-TOED    HOOFED    MAMMALS 

The  great  group  of  even-toed  hoofed  mammals,  or  artiodactyls, 
is  distinguished  by  characters  of  the  limbs  and  teeth  that  separate  them 
readily  from  the  odd-toed  mammals  and  yet  serve  clearly  to  show  relation- 
ship between  such  apparently  unlike  animals  as  the  pig,  camel,  deer, 
giraffe,  and  hippopotamus.  The  axis  of  the  foot  lies  between  the  third 
and  fourth  digits,  which  are  equal  in  size  and  symmetrical.  The  num- 
ber of  toes  is  four  or  two,  although  in  some  primitive  forms  a  vestige  of 
the  fifth  toe  remains.  A  peculiar  and  very  characteristic  structure  of 
the  ankle  bones  is  found  in  all  of  the  artiodactyls.  There  are  two 
types  of  chewing  teeth,  the  more  primitive  having  conelike  cusps  and  the 
more  specialized  showing  crescent-shaped  grinding  ridges  of  enamel. 

The  even-toed  hoofed  mammals  are  very  abundantly  known  as 
fossils,  the  remains  of  different  kinds  being  found  in  each  of  the  Cenozoic 
stages  from  lower  Eocene  to  Recent.  They  appear  to  have  originated 
in  the  Old  World,  where  they  are  most  numerous  and  varied,  but  migra- 
tion to  the  Western  Hemisphere  brought  many  kinds  to  North  America. 
The  deer,  antelope,  bison,  and  others  were  well  established  when  man 
came  to  this  continent.  Recent  discovery  in  a  Nevada  cave  of  camel 
remains,  showing  dried  skin,  flesh,  and  sinews,  suggests  that  the  last  of 
the  native  North  American  camels  survived  into  Late  Quaternary  time 
and  may  have  been  exterminated  by  man. 

Oreodonts. — The  most  common  kind  of  mammals  in  some  of  the 
Oligocene  deposits  of  the  western  United  States  are  extinct  creatures 
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with  the  size  of  a  small  sheep  and  combining  certain  characters  of  pig, 
deer,  and  cameL  They  are  called  oreodonts.  These  animals  are 
restricted  to  North  America  and  are  known  from  Eocene  to  early  Pliocene 
times.  There  are  many  different  kinds.  During  part  of  their  career 
they  must  have  roamod  the  plains  and  river  valleys  in  enormous  numbers. 


FIG.  378. — Skeleton  and  restoration  of  an  Oligoconc  orcodont  (Mcrycoidodori)  from  western 
Nebraska.      (R.  S,  Lull,  Pcabody  Museum  of  Natural  History,  Yale  Uninrsitit  ) 

Skeletons  are  frequently  found  in  little-disturbed  condition.  An  inter- 
esting specimen  mounted  by  students  at  the  South  Dakota  School  of 
Mines  shows  the  well-formed  skeleton  of  an  unborn  young  oreodont  as 
discovered  within  the  body  of  the  mother. 

Giant  Pigs  and  Peccaries. — The  swine  may  claim  rank  as  one  of 
the  "  first  families "  of  the  Tertiary.  They  trace  their  ancestry  into 
Eocene  times  and  were  represented  in  North  America  as  late  as  the 
Pleistocene  by  large,  highly  developed  peccaries.  The  strangest, 
or  at  least  the  most  uncouth,  of  the  artiodactyl  stock  are  giant  pigs 
(entelodonts)  that  lived  in  the  Oligocene  and  early  Miocene  epochs. 
These  attained  a  height  of  6  feet  at  the  shoulders  and  were  exceeded  in 
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bulk  among  members  of  the  swine  family  only  by  (he  hippopotamus. 
The  skull  of  the  giant  pig  was  very  elongate  and  it  bore  peculiar  bony 
excrescences  below  the  eves  and  on  the  under  side  of  the  iaw.  There 


FIG.  379. — An  early  Pleistocene  peccary   (Platygonus).     (American  Museum  of  Natural 

History.) 

were  stout  but  not  long  tusks.  The  brain  was  almost  reptile-like  in  its 
diminutive  size;  the  animal  must  have  been  profoundly  stupid  (Fig.  389). 
Camels. — The  desert  regions  of  central  Asia  and  northern  Africa 
are  the  home  of  one  living  genus  of  camels  and  the  cold  parts  of  South 
America  of  the  other  (llamas).  The  anceslral  dwelling  place  of  this 
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family,  however,  was  North  America.  The  camels  appear  to  have 
originated  here,  developed  gradually  along  various  lines,  increasing 
greatly  in  size  and  in  specialization  of  teeth  and  limbs.  Late  in  the 
Tertiary  period  they  migrated  to  the  Old  World  and  into  South  America, 
while  after  mid-Pleistocene  time  they  became  extinct  in  the  continent 
of  their  birth.  The  earliest  known  camels,  from  upper  Eocene  beds,  were 


FIG.  380. — Skeletons  and  restoration  of  a  llama-like  camel  (Stenomylua)  that  roamed 
the  North  American  plains  in  large  numbers  in  Miocene  times.  (American  Muteum  of 
Natural  History.) 

smaller  than  a  tiny  lamb.  The  forefoot  had  four  toes  but  the  hind  foot 
was  already  so  modified  that  there  were  only  two  functional  toes,  although 
vestiges  of  two  others  are  present.  The  development  of  the  camels 
shows  many  interesting  parallels  with  that  of  the  horses,  bCH:  the  irre- 
ducible number  of  toes  on  each  foot  is  two  instead  of  one.  Some  of 
the  mid-Tertiary  American  camels  were  slender,  graceful  creatures 
resembling  antelopes,  and  one  kind  is  distinguished  by  its  extremely 
elongated  neck  and  long  legs,  an  adaptation  like  that  of  the  giraffe  for 
browsing  on  leaves  of  trees. 

Deer  and  Cattle. — Interesting  representatives  of  the  deer  family  are 
found  as  fossils  in  the  American  Tertiary  as  far  back  as  the  Oligoceae. 
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Some  were  hornless,  others  had  short  pronglike  horns,  and  still  others 
had  antlers  with  branches.  One  very  peculiar  group,  which  is  really 
distinct  from  the  true  deer,  had  a  pair  of  prominent  bony  plates  or 
horns  above  the  eyes  and  another  pair  on  the  nose.  The  moose  and 
caribou  are  immigrants  from  the  Old  World  that  are  first  known  on  this 
continent  in  Pleistocene  times. 

The  cattle  family  is  represented  in  America  by  the  bison,  muskox, 
and  wild  sheep.  Domestic  cattle  and  sheep  are  derived  from  Asiatic 
species  and  have  been  introduced  in  the  Western  Hemisphere  by  man. 
The  bison,  which  roamed  the  plains  in  such  enormous  herds  before  the 


FIG.  381. — Megaceroa,  a  giant  deer  of  the  Pleistocene  epoch  in  northwestern  Europe. 
The  head  ef  some  individuals  was  10  feet  from  the  ground  and  the  antlers  had  a  spread  of 
12  feet.  (C.  R.  Knight,  Field  Museum  of  Natural  History.) 

advance  of  civilization  destroyed  them,  were  present  in  the  Pleistocene 
epoch  but  are  not  known  earlier.  One  kind  of  fossil  bison  was  distinctly 
larger  than  the  Recent  species  and  was  characterized  by  a  huge  hump; 
another  had  a  horn  spread  of  more  than  6  feet.  There  is  evidence  that 
man  was  contemporaneous  with  some  of  these  extinct  species  of  bison. 

KLEPHANTS 

Elephants  (Proboscidia)  rank  with  the  horse  in  point  of  interest  and 
instructiveness  of  the  fossil  record.  The  lineage  of  this  largest  living 
land  mammal  may  be  traced  far  back  in  Tertiary  time  and  the  gradual 
acquirement  of  proboscidian  peculiarities  may  be  observed  step  by  step. 
Like  the  horse  and  man,  the  elephant  is  one  of  the  few  kinds  of  mammals 
that  became  adapted  to  almost  all  sorts  of  environments  and  spread  over 
practically  the  whole  world.  Teeth  and  bones  of  elephants  are  found 
in  stream  and  other  deposits  of  Pleistocene  age  in  almost  every  part  of 
the  United  States,  testifying  to  the  abundance  and  wide  distribution 
of  these  animals  in  North  America  until  comparatively  recent  times. 
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The  chief  distinguishing  characters  of  the  elephants  are  in  the  head, 
which  is  unusually  massive,  abnormally  shortened,  and  bears  the  long 
powerful  trunk.  The  shape  of  the  skull,  the  enormously  thick  but  light 
cranial  bones,  and  the  short  neck  are  all  modifications  thai  aid  in  carrying 


IMG.  ^82.— Skeleton  and  restoration  ol   the  Columbian   elephant   (Parelephas  columhi)   of 
the  Pleistocene  epoch  in  North  America.     (American  Museum  of  Natural  History.) 

the  weight  of  the  head.  The  trunk  is  a  very  muscular  development  of 
the  upper  lip  and  nose,  the  nostrils  running  the  entire  length  to  the  tip. 
Elephants  are  not  the  only  animals  with  an  elongated  proboscis  or  trunk, 
but  no  others  have  this  organ  so  highly  developed.  Since  elongation 
of  the  snout  is  always  correlated  with  a  recession  of  tho  nasal  bones  and 
with  a  thickening  of  adjacent  bones  for  muscular  attachment,  it  is 
possible  to  determine  From  study  oF  a  Fossil  skull  whether  or  not  an 
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animal  had  a  trunk,  tod  approximately  how  large  it  was.  The  teeth 
of  the  elephant  are  distinctive.  The  tusks  are  remarkably  enlarged  long 
incisors,  which  in  the  African  elephant  may  exceed  10  feet  in  length,  2 
feet  in  circumference  at  the  base,  and  weigh  230  pounds  or  more  apiece. 
Some  of  the  fossil  elephants  had  tusks  13  feet,  or  exceptionally  even  16 
feet,  in  length  (Lull).  The  grinding  teeth  are  very  large  and  there  is 
normally  only  one  tooth  on  each  side  of  the  upper  and  lower  jaws. 
However,  as  a  tooth  is  worn  down  to  the  roots  it  is  gradually  displaced 
by  a  new  tooth  that  pushes  in  from  behind.  Thus  the  grinding  teeth 
grow  in  successively,  the  last  or  backmost  molars  appearing  at  about 
age  forty-five  and  serving  for  the  rest  of  the  animal's  life.  The  character 
of  these  teeth  differs  notably  in  different  species,  that  of  the  modern 
Indian  elephant  having  numerous  parallel  grinding  ridges,  that  of  the 
African  elephant  having  a  simpler  pattern,  and  those  of  several  extinct 
forms  showing  a  series  of  large  conelike  cusps. 


Dinotherium 
(Pliocene) 


Mastodon  (Pleistocene) 


FIG.  383. — Three  types  of  fossil  elephant  skulls.  Palaeomaatodon  with  tusks  in  upper 
and  lower  jaws,  Dinotherium  with  down-curved  tusks  in  lower  jaw  but  none  in  the  upper, 
and  Mastodon  with  large  tusks  in  upper  jaw.  (After  Lull.) 

\  Involution  of  the  Elephants.-YThe  earliest  definitely  distinguishable 
representative  of  the  elephant  family  is  Palaeomastodon  from  the  lower 
pligocene  of  northern  Africa  and  southern  Asia.  This  animal  had  about 
the  size  and  build  of  a  small  modern  baby  elephant,  but  the  trunk  was 
undoubtedly  very  short,  the  head  and  neck  relatively  more  elongate, 
and  all  of  the  grinding  teeth  were  present  at  the  same  time.  There 
were  short  downward-curving  tusks  in  the  upper  jaw  and  very  short 
tusks  also  in  the  long  lower  jaw.^ 

xAnother  north  African  aniihal,  Moerithenunij  from  upper  Eocene  and 
lowSr  Oligocene  beds,  is  cited  as  a  possible  ancestor  ot^Palcieomastodon 
and  other  elephants^)  but  clearly  defined  proboscidean  characters  are 
lacking.  Qliis  animal  had  a  height  of  about  3^  feet.  The  sk;ull  indicates 
that  there  was  no  trunklike  elongation  of  the  snout  at  alft 

(In  Miocene  times,  elephants  are  known  to  have  spread  to  Europe 
anch  North  America,  and  there  are  very  different  kinds.  One  type 
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(Dinotherium)  which  occurs  in  Europe  and  Asia  had  no  tusks  on  the 
upper  jaw  but  on  the  lower  there  were  large 
tusks  curving  downward  and  backward.  Other 
kinds  had  four  large  fairly  straight  tusks,  two 
on  the  upper  jaw  and  two  on  the  lower.  Spme 
of  these  are  found  in  North  America.  '  They 
continued  into  the  Pliocene  epoch,  a  specimen 
of  this  age  from  Nebraska  having  a  lower  jaw  and 
flat  shovel-like  tusks  at  least  6  feet  long  (see 
Fig.  365). 

The  most  abundant  and  best-known  fossil 
elephants  in  North  America  are  those  of  the  great 
Ice  Age.  Several  species  are  recognized.  One 
type,  called  the  American  mastodon,  is  distin- 
guished partly  by  the  large-cusped  grinding  teeth 
which  differ  markedly  from  those  of  the  true 
elephants.^  (The  mastodon  had  about  the  height 
of  the  modern  Indian  elephant  but  was  much 
stockier.  It  was  apparently  a  forest-dwelling 
animal.  Its  remains  have  been  found  chiefly 
in  drainage  excavations  in  boggy  lands  of  the 
type  of  grinding  surface,  northern  states,  one  specimen  found  in  New  York 
(Modified  from  Lull.}  having  a  quantity  of  long  shaggy  dark  brown  hair 

with  the  bones;     True  elephants  are  represented  in  North  America  by  the 
imperial  elephant  (Archidiskodon  imperator),  which  had  remarkably  long 
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FIG.    384. — Types    of 


FIG.  385. — The  largest  of  the  elephants  Archidiskodon  imperator  (the  imperial  elephant) 
of  the  Pleistocene  epoch  in  North  America.  (0.  /?.  Knight,  American  Museum  of  Natural 
History.) 

curving  tusks  and  attained  a  height  of  13  feet,  the  Columbian  elephant 
(Parelephas  columbi),  which  was  somewhat  smaller  than  the  imperial,  and 
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the  hairy  or  woolly  mammoth  (MammonUus  primigeniiis).  This  last  was 
circumpolar  in  range,  bping  known  in  Europe  and  northern  Asia  as  well 
as  in  this  continent,)  (jt  had  a  thick  coat  of  coarse  long  black  hair 
with  a  dense  brown  wool  covering  beneath.  Two  specimens  of  this 
animal  have  been  discovered  frozen  in  the  Siberian  tundra&) 

l^The  main  evolutionary  changes  in  the  development  of  "the  elephants 
are  increase  of  size,  modification  in  shape  and  structure  of  bones  of  the 
skull,  loss  of  incisors  and  canines  except  two  incisors  of  each  jaw  (or  of 
one  jaw)  that  are  modified  as  tusks,  increase  in  size  and  complexity 
of  the  grinding  teeth,  their  reduction  in  number,  and  development  of 
the  peculiar  method  of  tooth  succession,  and  the  growth  of  the  trun£ 

CARNIVORES 

The  carnivorous  mammals,  including  chiefly  the  cat  and  dog  families, 
are  distinguished  by  clawed  feet  and  by  teeth  adapted  for  grasping  and 
cutting  flesh,  the  long  sharp  canines  and  shearlike  molars.  In  the  early 
part  of  Tertiary  time,  primitive  flesh  eaters  called  creodonts  were  promi- 
nent. These  are  generalized  creatures  that  resemble  in  some  respects 
the  early  hoofed  mammals  but  in  others  indicate  ancestral  relation  to 
the  specialized  carnivores.  Primitive  characters  of  the  creodonts  are 
seen  in  the  large  number,  relatively  small  size,  and  only  partially  modified 
character  of  the  teeth,  and  the  very  small  brain  with  few  and  simple 
convolutions  that  indicates  low  intelligence.  Creodonts  of  North 
America  disappeared  in  Oligocene  time,  and  those  of  the  Old  World  in 
early  Miocene  time  (unless  the  modern  Otocyon  is  really  a  holdover 
of  the  creodont  line).  Other  carnivores,  undoubtedly  derived  from  the 
creodonts,  developed  along  various  lines  (see  Fig.  364). 

The  best-known  cats  of  Tertiary  time  are  the  saber-toothed  tigers, 
characterized  by  unusual  enlargement  of  the  canines  of  the  upper  jaw. 
Evidently,  these  animals  were  ferocious  beasts  of  prey  that  ranged  over 
the  whole  Northern  Hemisphere  and  late  in  the  Tertiary  extended  to 
South  America.  A  very  interesting  series  of  skeletal  remains  from 
Oligocene  to  Pleistocene  formations  reveals  the  evolution  of  the  saber- 
tooths.  Noteworthy  are  a  gradual  increase  in  size  of  the  body,  specializa- 
tion and  enlargement  of  certain  teeth,  and  reduction  of  the  total  number 
of  teeth.  The  culmination  of  this  race  is  found  in  the  Pleistocene  cat 
called  Smilodon,  whose  upper  canines  were  great  curved  scimitar-like 
blades,  8  inches  or  more  in  length.  It  is  hard:  to  understand  how  these 
great  tusks,  blocking  entrance  to  the  mouth,  could  have  been  used 
effectively  unless  the  creature  could  open  its  mouth  much  more  widely 
than  any  living  mammal,  and  it  is  very  doubtful  that  the  tusks  were 
Vised  in  striking  at  prey,  as  a  snake  does  with  its  fangs.  There  were  one 
or  two  large  cutting  teeth  at  the  back  of  the  upper  and  lower  jaws,  but 
other  teeth  were  unimportant*  or  lacking — iu^eed  the  entire  dentition 
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FIG.  386. — Skulls  of  Tertiary  saber-toothed  cats.  Note  the  projections  of  the  lower 
jaw  of  Hoplophoneus  to  match  the  extended  upper  canine  tusks.  Smilodon  represents 
the  extreme  of  specialization  of  the  saber-toothed  line.  (American  Museum  of  Natural 
History.} 


FIG.  387. — A  Miocene  dog  (Daphaenus)  from  western  Nebraska. 

Museum,  Yale  University.) 


(K.  8.  Lull,  Peabody 
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includes  but  12  to  14  teeth.     The  form  and  structure  of  the  skeleton 
indicate  an  unusually  powerful  animal. 

Fossil  dogs  are  well-known  from  the  Pleistocene  and  later  Tertiary, 
but  the  doglike  animals  of  earlier  time  are  increasingly  generalized  and 
show  similarities  to  other  carnivores.  Dogs  arc  the  oldest  and  probably 
the  central  line  of  carnivore  evolution  among  t  ho  mainm:ils.  Severallines 
of  development  among  carnivores  became  extinct  during  the  Tertiary. 

Succession  of  Mammalian  Faunas 

We  have  coiiMdered  I  he  characteristics  Mini  some  of  the  main  lines  of  development' 
of  the  mammals  II  is  dcsiiahlc  also  to  note  the  grouping  of  these  animals  which 
distinguish  the  different  epochs  of  ( 'cno/oic  tune. 


FIG.  388. — A  shovel-horned  titunnlhcre  (Embolotherium)  from  the  early  Tertiary  deposits 
of  Mongolia.      (American  Mn*t'inti  <>f  \atural  History.) 

Eocene.—  Fossil  mammals  of  the  Eocene  epoch  are  broadlv  characterized  by  their 
archaic,  primitive  nature,  generalized  skeletal  structure,  and  relatively  low  intelligence. 
Hoofed  animals  include  the  condvlarths,  which  \\ere  probably  ancestral  to  the  odd- 
toed  ungulates;  amblypods,  which  became  increasingly  specialized  during  the  epoch 
and  attained  the  size  of  a  modern  thmoceros;  titanotheres.  which  are  hornless  and 
smaller  than  their  Oligocene  successors;  ancestors  of  the  pig  family;  and  diminutive 
three-toed  horses.  Carnivores  \\ere  represented  by  the  creodonts,  some  of  which  in 
the  late  Eocene  attained  laige  size,  one  with  a  skull  tt  feet  long.  Tn  addition,  there 
were  some  opossum-like  maisiipials,  imiltituberculates  and  msectivorcs,  edentates  and 
lodents-  Aquatic  mammals  are  n  piesented  1»\  laige  primitive  \\hales  called  zeuglo- 
donts,  some  of  \\lnch  attained  a  length  of  SO  feet  The  primates  are  represented  in 
the  Kocene  by  lemurs  and  pimiiti\e  monke\s. 


620 


THE  CENOZOIC  ERA 


Oligocene. — Disappearance  of  many  of  the  very  primitive  types  of  mammals, 
accompanied  by  rapid  evolution  of  surviving  stocks,  produced  in  Oligocene  times  a 
mammalian  fauna  in  which  most  of  the  now  living  families  had  made  their  appearance. 
Among  the  hoofed  mammals,  changes  in  form  and  increase  in  numbers  and  variety, 
specialization  of  the  limbs  for  more  speody  locomotion,  and  modification  of  the  teeth 
for  grazing  on  tough  grasses  of  the  plains  rather  than  browsing  on  forest  leaves,  all 
indicate  a  dwindling  of  Early  Tertiary  forests  and  appearance  of  wide  prairie  country. 
The  hoofed  animals  include  especially  three-toed  horses  that  are  distinctly  larger  than 
the  ancestral  Eocene  type,  primitive  running  and  aquatic  rhinoceroses,  ponderous 
titanotheres  which  in  this  epoch  reached  a  culmination  of  size  and  specialization  of 
long,  low  horn-bearing  skull,  entelodonts  or  giant  hogs,  the  cud-chewing  svvinelikc 
animals  called  oreodonts,  camels,  and  some  others.  True  carnivores,  including  both 
ancestral  dogs  and  cats,  are  found  in  the  Oligocene.  Rodents  related  to  the  squirrels, 


'• 
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Fio.  389. — Miocene  giant  hogs  (entelodonts)  about  6  feet  high  at  the  shoulders,  and  a 
chalicothere,  inhabitants  of  the  western  Nebraska  plains.  (C\  R.  Knight,  Field  Museum 
of  Natural  History.) 

beavers,  gophers,  rabbits,  mice,  and  so  on,  are  common.  In  the  Old  World  are  the 
earliest  known  elephants  and  anthropoid  (manlike)  primates,  the  latter  related  to  the 
existing  gibbon  and  a  possible  ancestor  of  the  higher  apes  and  man. 

Miocene. — The  Miocene  mammals  are  distinctly  more  modern  as  a  group  than 
those  of  the  Oligocene.  Some  of  the  prominent  Early  Tertiary  families  like  the  ambly- 
pods  and  the  titanotheres  are  gone,  but  among  the  horses,  rhinoceroses,  camels,  and 
various  other  hoofed  animals,  there  is  a  branching  out  along  many  lines,  some  of  which 
show  distinctly  modern  characters  of  specialization  and  size.  Mastodons  are  a 
characteristic  and  widespread  representative  of  the  elephant  family  in  Miocene  time. 
Carnivores  are  abundant.  Primates  are  larger  and  more  advanced  than  their 
Oligocene  ancestors.  Altogether,  the  Miocene  contains  the  most  varied  and  interest- 
ing assemblages  of  mammalian  fossils  and  may  be  considered  to  mark  the  peak  of 
mammal  differentiation. 

Pliocene. — For  mammals  as  a  whole,  the  Pliocene  epoch  appears  to  mark  the  begin- 
ning of  decline,  but  man  and  the  domestic  mammals  are  excepted  in  this  statement. 
As  a  whole,  the  Pliocene  mammal  fauna  is  decidedly  modern  in  appearance,  for  almost 
every  living  mammalian  type  is  represented.  In  addition,  there  are  very  many 
mammals  that  are  now  extinct  but  which  had  flourished  in  earlier  times.  The  inter- 
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migration  of  many  types  Of  mammals  between  the  Old  and  New  World  and  between 
North  and  South  America  is  known  to  have  occurred  during  this  epoch. 

Pleistocene. — The  great  climatic  changes  accompanied  by  extensive  glaciation  in 
the  Northern  Hemisphere  had  an  important  influence  on  the  development  of  various 
mammals.  Most  of  the  main  lines  persisted,  but  many  species  became  extinct  and 
representatives  of  certain  groups  disappeared  from  North  America.  An  entirely 
modern  type  of  horse  persisted  during  part  of  the  Pleistocene  but  later  disappeared 
from  North  America.  The  same  is  true  of  the  elephants  and  camels,  some  of  which 
may  have  been  contemporaries  of  man  on  this  continent.  To  this  epoch  belong  the 
smilodons,  the  most  specialized  and  the  last  of  the  saber-tooth  cats.  The  South 


FIG.  390. — Giant  ground  sloth,  Megatherium  (left)  whirh  inhabited  South  America  and 
southern  North  America  in  Pleistocene  time.  Great  armadillo-like  mammals,  Daedicuru* 
(foreground)  and  Glyptodon  (right),  that  were  contemporaries  of  the  ground  sloths. 
(C.  R.  Knight,  Field  Museum  of  Natural  History.) 

American  Pleistocene  mammals  include  the  giant  ground  sloths,  huge  armadillo-like 
glyptodonts,  and  other  creatures  that  are  now  extinct. 

Man  was  well  established  in  the  Pleistocene  epoch,  especially  in  Eurasia  and  prob- 
ably Africa.  There  is  evidence  that  he  migrated  to  North  America  during  this  epoch, 
but  remains  are  much  less  conclusive  in  the  western  world. 


Other  Vertebrates 

The  record  of  vertebrates  other  than  mammals  during  Cenozoic 
time  is  by  no  means  a  blank.  There  are  many  kinds  of  fossil  reptiles, 
amphibians,  birds,  and  fishes,  interest  in  these  being  subordinated  to 
the  mammals  only  because  of  the  remarkable  development  that  the 
latter  show. 
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Reptiles  of  the  Tertiary  and  Quaternary  periods  are  distinguished 
chiefly  by  their  modern  appearance.  The  huge  dinosaurs  and  other 
strange  reptilian  creatures  of  Mesozoic  times  had  disappeared.  Their 
Cenozoic  descendants  included  especially  large  numbers  of  turtles  of 
varied  kinds,  crocodiles,  lizards,  and  some  snakes. 

Birds  are  relatively  rare  as  fossils,  but  several  dozen  kinds  are  known 
from  Cenozoic  deposits.  These  represent  most  of  the  modern  families 
and  some  are  very  close  to  existing  species.  There  are  gulls,  ducks, 
herons,  storks,  pigeons,  grouse,  owls,  hawks,  parrots,  and  a  great  many 
others.  Among  ostrich-like  birds  are  some  of  very  massive  build  that 
attained  the  gigantic  height  of  about  10  feet;  and  there  is  one  (Phoro- 
rhachis)  with  a  powerful  hooked  beak  and  skull  that  measured  2  feet  in 
length. 

Amphibians  were  relatively  no  more  important  in  the  Tertiary  and 
Early  Quaternary  periods  than  now.  Fossil  salamanders,  frogs,  and 
toads  occur. 


FIG.  391. — A  well-preserved  fish  skeleton  from  the  Green  River  Eocene  beds  of  Houth- 

western  Wyoming. 

Fishes. — The  chief  characteristic  of  Cenozoic  fishes  is  the  rise  of  the 
so-called  teleosts,  or  bony  fishes,  to  a  position  of  strong  dominance,  for 
they  outnumber  all  other  kinds  of  fishes  together  more  than  20  to  1. 
The  teleosts  include  the  salmon,  herrings,  carps,  perches,  mackerels, 
and  many  other  familiar  and  some  extinct  groups  of  marine  and  fresh- 
water fishes. 

A  famous  Eocene  fish  fauna  in  uesiern  North  America,  is  that-  of  Hie  (liven  River 
beds  iri  southwestern  Wyoming,  where  large  numbers  of  beautifully  preserved  complete 
skeletons  have  been  collected.  Similar  specimens  have  been  found  in  the  fresh-water 
Pliocene  deposits  of  western  Kansas,  and  marine  fishes  are  known  from  several  horizons 
and  localities  on  the  east  and  west  coasts  of  the  United  States.  Europe  furnishes  a 
number  of  fossil  fish  deposits  that  have  yielded  a  great  variety  of  fine  material. 
Among  the  marine  fishes,  special  mention  may  be  made  of  sharks  (Car  char  odon)  that 
had  sharp-edged  triangular  cutting  teeth  up  to  6  inches  long.  Based  on  comparison 
with  the  similarly  shaped  teeth  of  living  sharks  it  is  estimated  that  some  of  these 
Tertiary  fossil  species  attained  a  length  of  perhaps  SO  feet. 
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zoic  and  in  present  seas  the  cheilostome  bryozoans  of  complex  structural  design  are 
strongly  dominant. 

Brachiopods  declined  greatly  in  the  Mesozoic  era  and  are  even  less  important  in  the 
marine  faunas  of  Cenozoic  time.  The  number  of  known  genera  and  species  in  the 
Tertiary  formations  is  roughly  comparable  to  that  of  the  present  dayj  and  the  kind  of 
shells,  mostly  loop-bearing  terebratulids  and  lime  phosphate  inarticulates,  is  like  that 
of  modern  types.  They  are  not  significant  in  correlation  of  the  strata. 

Sponges  and  Corals. — Since  the  marine  Tertiary  deposits  that  have  been  studies 
are  almost  entirely  of  shallow-water  origin,  it  is  not  surprising  to  find  few  siliceous 
sponges,  for  these  live  chiefly  in  deeper  water.  However,  only  detached  spicules  of 
calcareous  sponges  are  found.  One  of  the  two  orders  of  calcareous  sponges  apparently 
became  extinct  at  the  close  of  the  Cretaceous  period. 

The  corals  of  Cenozoic  time  are  abundant  and  highly  varied.  Many  new  genera 
and  some  new  families  appeared,  while  some  of  the  families  of  Mesozoic  beginning 
have  their  greatest  development  here.  As  has  already  been  noted,  they  belong  to  the 
group  called  Hexacoralla  because  of  their  dominant  sixfold  symmetry.  Coral  reefs  are 
found  in  the  Eocene  of  Georgia,  Florida,  Alabama,  Mexico,  Central  America,  and  the 
West  Indies,  and  they  occur  in  rocks  of  this  age  hi  parts  of  the  Old  World.  Elsewhere 
are  common  but  scattered  occurrences  of  coral  specimens.  In  the  Miocene,  Pliocene, 
and  Pleistocene  deposits,  coral  reefs  appear  more  and  more  restricted  toward  the 
tropics,  which  may  be  correlated  with  the  gradual  lowering  of  the  temperature  of  the 
waters. 

CENOZOIC  PLANT  LIFE— THE  AGE  OF  FLOWERING  PLANTS 

Culmination  of  Flowering  Plants. — All  collections  of  fossil  plants  from 
Cenozoic  deposits  show  marked  similarities  to  existing  floras.  The 
flowering  plants  or  angiosperms,  which  made  their  appearance  in  the 
latter  part  of  the  Mesozoic  era,  have  assumed  very  definite  leadership. 
As  observed  by  Knowlton,  in  an  astonishingly  short  time,  geologically 
speaking,  this  group  has  not  only  come  to  outnumber  all  others  but  it 
has  spread  over  practically  the  entire  earth,  adapting  itself  alike  to  the 
sweltering  heat  of  the  tropics  and  the  bitter  cold  within  five  or  six  degrees 
of  the  Pole;  to  sea  level  or  hundreds  of  feet  below  in  certain  inland 
basins,  and  to  mountain  heights  of  14,000  feet  or  more;  to  regions  with 
an  annual  rainfall  of  500  inches  and  burning  deserts  where  rain  may 
fall  only  at  intervals  of  years.  Some  find  a  congenial  home  in  marshes, 
while  others  have  waded  boldly  into  the  water  and  compete  with  the 
algae.  In  size  they  range  from  adults  scarcely  ^2  inch  long  to  the 
redwood  big  trees  of  California  which  have  a  diameter  up  to  30  feet  and 
attain  a  maximum  known  height  of  340  feet.  In  length  of  life  they 
range  from  herbs  that  die  in  a  summer  to  trees  like  the  baobab  that  may 
survive  for  several  thousand  years.  The  variety  seems  illimitable. 

Most  of  the  Eocene  genera  are  the  same  as  today,  but  the  species  were 
different  from  those  in  later  Tertiary  epochs  and  from  living  forms. 
The  Miocene  and  Pliocene  deposits  contain  many  plants  that  apparently 
have  persisted  without  noticeable  change,  while  Pleistocene  time,  though 
little  known  as  regards  fossil  plants,  was  undoubtedly  characterized  by 
nearly  the  same  flora  as  that  now  found  on  the  earth.  Altogether, 
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the  Cenozoic  era  is  noteworthy  because  of  the  culmination  of  flowering 
plants.     The  floras  are  all  very  modern  in  appearance. 

Eocene  plants  are  known  in  North  America  chiefly  from  (1)  Greenland,  (2)  the 
southern  Atlantic  and  Gulf  Coastal  Plains,  (3)  the  Western  Interior,  extending  from 
New  Mexico  northward  through  the  Rocky  Mountains  belt  into  Canada,  and  (4)  the 
Puget  Sound  district  in  western  Washington. 

Greenland  has  now  an  Arctic  flora  consisting  largely  of  small  herbaceous  plants, 
but  coal-bearing  shale  deposits  on  the  western  coast  show  that  in  Eocene  time  marshy 
swamps  and  forests  existed  there,  in  which  most  of  the  plants  are  about  like  those 
now  living  in  Virginia  or  the  Carolinas.  Nearly  three  hundred  species  have  been 
described  in  this  Greenland  flora,  including  the  bald  cypress,  sycamore,  magnolia, 
willow,  cottonwood,  sweet  gum,  elm,  oak,  maple,  and  many  others.  This  assemblage 
clearly  indicates  a  rather  mild  temperate  climate. 


FIG.  396. — Large  fan-shaped  leaf  of  an  Eocene  palm  that  grew  in  Montana.     (R.  C.  Moore, 

U.  S.  Geol.  Survey.) 

The  southern  Atlantic  and  Gulf  Coast  area  contains  more  than  six  hundred 
described  Eocene  plants,  representing  three  main  stages  that  are  each  distinct.  The 
oldest  (Wilcox)  has  many  species  that  are  related  only  to  plants  now  living  in  Central 
America,  northern  South  America,  or  the  West  Indies.  There  are  several  palms,  figs, 
laurels,  magnolias,  cinnamons,  and  at  least  two  species  of  the  breadfruit  tree  that  is 
now  confined  to  the  Old  World  tropics.  After  the  Wilcox  flora,  a  considerable  time 
elapsed  before  appearance  of  the  middle  Eocene  (Claiborne)  flora  (as  indicated  by  the 
nearly  complete  change  in  the  species),  but  the  interval  from  this  to  the  upper  Eocene 
(Jackson)  plants  was  not  so  great.  The  vegetation  shown  by  the  fossils  from  these 
horizons  is  typically  that  of  a  warm,  low  coastal  plain,  with  lagoons,  swamps,  and 
estuaries.  Besides  trees  like  the  cypress  arid  numerous  hardwoods,  and  palms  of 
several  types,  there  wore  tall  reedlike  grasses,  pond  weeds,  and  dense  growths  of 
swamp  ferns.  The  mangrove  was  locally  common. 

The  Continental  Interior  contains  widespread  remains  of  an  early  Eocene  assem- 
blage of  plants,  about  the  same  in  age  as  the  Wilcox  flora  of  the  Gulf  region  but  possibly 
differing  slightly  in  different  places.  The  plant-bearing  beds  occur  in  the  Raton 
formation  of  northern  New  Mexico  and  southern  Colorado,  in  the  Denver  formation 
near  Denver,  and  in  the  extensive  Fort  Union  strata  in  areas  farther  north.  Since 
great  deposits  of  coal  were  formed  at  this  time  in  this  region,  it  is  evident  that  swamp 
conditions  persisted  widely.  There  were  several  kinds  of  palms,  including  some  with 
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broad  fan-shaped  leaves  4  or  5  feet  across,  and  these  lived  aoundantly  as  far  north 
as  Montana.  About  20  kinds  of  fig  trees  are  known,  a  large-leaved  breadfruit  tree, 
sweet  gums,  laurels,  cinnamons,  and  many  others.  In  the  more  northerly  areas, 
cottonwoods,  sycamores,  and  the  various  forest  hardwoods  were  relatively  most 
common. 

The  Puget  Sound  region  of  western  Washington  likewise  contains  early  Eocene 
coal  beds  and  an  interesting  flora  of  about  three  hundred  species  very  similar  to  that 
of  the  Fort  Union  beds.  Large  palms  were  common.  At  one  place  their  leaves,  some 
of  them  5  feet  across,  are  so  abundant  that  a  bed  1  foot  thick  is  almost  entirely  com- 
posed of  them.  The  Puget  flora  extended  northward  into  Alaska  and  may  have  been 
continuous  with  that  of  Greenland. 

Abundant  Eocene  floras  are  known  in  Oregon  and  California,  the  latter  including 
especially  an  interesting  assemblage  of  plants  from  the  auriferous  gravels  that  con- 
tains many  species  of  the  Gulf  Coast  Wilcox  beds. 

Oligocene  Plants. — Little  is  known  definitely  of  Oligocene  land  plants,  for  there 
are  few  fossiirbea'ring  deposits"  The  widespread  Bridge  Creek  flora  of  redwoods, 
which  was  originally  regarded  by  Chaney  as  belonging  to  the  Oligocene,  is  now  con- 
sidered by  hhn  to  be*  of  early  Miocene  age.  In  general,  there  is  evidence  of  a  rather 
cooler  climate  and  most  of  the  species  known  are  slightly  different  from  those  in  the 
Eocene  beds. 

Miocene  Plants. — -Miocene  time  is  represented  by  three  very  interesting,  extremely 
well-preserved,  and  extensive  floras  hi  the  western  part  of  the  United  States,  in  Colo- 
rado and  Washington-Oregon,  respectively,  and  by  a  small,  fragmentary  assemblage 
of  plants  in  Virginia.  The  last  occurs  in  marine  beds  (Calvert)  at  the  edge  of  the 
low  coastal  plain  of  the  time  and  contains  only  such  things  as,  might  be  washed  or 
blown  into  the  water.  Some  26  species  are  known  in  all. 

The  Colorado  plant  beds  afford  a  very  much  better  glimpse  of  a  Miocene  flora,  for 
in  a  shallow  lake  that  existed  at  this  epoch  in  a  place  near  the  present  town  of  Floris- 
sant, west  of  Colorado  Springs,  hundreds  of  thousands  of  plant  impressions  and  a 
nearly  equally  rich  record  of  insects  and  other  forms  of  life  were  inscribed  hi  volcanic 
ash  and  fine  muddy  sediments  that  accumulated  hi  paper-thin  layers  on  the  bottom. 
Some  250  species  of  fossil  plants  are  known  from  Lake  Florissant.  Aside  from  various 
water  plants,  like  the  floating  pond  weeds,  cat-tails,  sweet  flags,  and  reeds,  there  are 
many  shrubs  and  trees  that  grew  on  the  flats  or  slopes  about  the  lake — sequoias  with 
trunks  up  to  8  feet  in  diameter,  pines,  junipers,  poplars,  ash,  holly,  hickories,  elms, 
oaks,  and  many  more.  A  number  of  the  Florissant  genera  occur  today  in  other  parts 
of  the  world  but  they  have  disappeared  from  North  America. 

A  very  widespread  plant  assemblage  of  early  Miocene  (or  possibly  Oligocene)  age 
is  the  so-called  Bridge  Creek  flora.  This  is  a  redwood-forest  plant  group  that  is  now 
known  to  occur  from  California  northward  to  Alaska,  in  Manchuria  and  Siberia,  in 
various  parts  of  Europe,  and  in  the  Arctic  islands.  This  forest  flora  is  strikingly 
like  that  of  the  modern  California  redwood  areas  bordering  the  coast. 

The  middle  Miocene  flora  of  the  Pacific  Northwest  is  well  represented  by  fossils 
in  the  Mascall  beds  of  Oregon,  the  deposits  (Latah  formation)  of  a  temporary  lake 
near  Spokane,  Wash.,  and  elsewhere  in  Idaho,  Nevada,  and  California.  About  150 
species  of  plants  have  been  collected,  many  of  them  very  beautifully  preserved. 
Sequoias  like  the  California  redwoods,  willows,  cottonwoods,  birches,  oaks,  maples, 
a  sumac,  and  various  other  plants  are  represented.  An  interesting  fossil  here  is  the 
persimmon,  which  today  is  native  only  in  southern  states  east  of  the  Rockies,  and 
another  the  ginkgo,  described  in  reviewing  the  JuraSsic  flora.  Apparently,  the  last 
stand  of  the  ginkgo  in  North  America  was  hi  the  Miocene  of  the  Spokane  region.  The 
Mascall  flora  indicates  a  cooler  and  drier  climate  than  that  of  the  preceding  Bridge 
Creek  assemblage- 
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Mention  may  be  made  here  of  the  wonderful  fossil  plant  deposits  of  Miocene  age 
in  central  Europe.  These  are  found  especially  in  the  environs  of  Lake  Constance, 
Switzerland,  and  the  nature  of  the  flora  and  of  the  containing  sediments  shows  clearly 
that,  instead  of  the  scenic  grandeur  of  Alpine  mountains  which  characterize  this 
region  today,  the  land  in  Miocene  time  was  a  low-lying,  partially  lake-covered  area 
with  a  dense  forest  of  woody  trees  and  shrubs,  comparable  in  richness  of  species  to  the 
present-day  valleys  of  the  Orinoco  or  Amazon.  Professor  Heer,  in  a  monumental  work 
on  the  Mioccme  flora  of  Switzerland,  has  described  697  species  of  woody  and  herba- 


FIG.  397. — Leaves  of  several  types  of  Cenozoic  angiosperms. 

ceous  flowering  plants  and  a  large  number  of  plants  belonging  to  lower  groups.  The 
majority  of  the  fossils  are  very  perfectly  preserved,  showing  even  the  most  delicate 
parts.  The  presence  of  a  dozen  kinds  of  palms  and  of  other  warmth-loving  plants  is 
indicative  of  mild  climate. 

Pliocene  Plants. — The  record  of  plant  life  in  the  latter  part  of  Tertiary  time  and 
during  the  Pleistocene  is  much  more  scanty  in  North  America  than  for  some  of  the 
older  epochs.  This  is  evidently  due  to  the  relatively  high  stand  of  the  continent  and 
prevalence  of  conditions  favoring  erosion,  or  at  least  general  absence  of  land  deposition 
favorable  to  burial  and  preservation  of  plants.  Undoubtedly  vegetation  was  about  as 
abundant  and  varied  as  in  the  Miocene  or  at  present. 
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Pliocene  beds  of  California  contain  the  largest  number  of  fossil  plants  of  this  age 
yet  known  on  the  continent.  The  flora,  obtained  from  several  localities,  numbers  34 
species.  These  indicate  a  much  cooler  and  drier  climate  than  that  of  Miocene  time  on 
the  West  Coast  and  suggest  the  diversified  conditions  resulting  from  Late  Tertiary 
mountain  uplifts  in  western  America. 

From  the  plains  region  of  western  Kansas  and  Nebraska  have  recently  been  col- 
lected exceptionally  preserved  fruits  of  prairie  grasses  of  Pliocene  age.  These  are  the 
first  known  fossils  of  this  sort.  In  a  few  places  there  are  numerous  leaves  of  trees 
that  grew  in  the  stream  valleys.  Very  common  are  the  "stones"  of  the  hackberry. 

A  small  Pliocene  flora  has  been  described  from  Alabama.  European  Pliocene 
plants  are  numerous  and  fairly  well-known.  All  available  evidence  points  to  a  gradual 
lowering  of  average  temperature  that  presaged  the  advent  of  the  Pleistocene  ice 
sheets. 

Pleistocene  Plants. — The  glaciers  oblit- 
erated the  vegetation  of  the  north  and 
forced  persisting  species  southward.  At 
stages  of  greatest  advance  of  the  ice,  such 
northern  trees  as  the  balsam,  fir,  and  tama- 
rack lived  in  the  central  United  States,  but 
during  interglacial  stages  when  the  climate 
was  greatly  ameliorated  these  invaders 
retreated  northward. 

One  of  the  most  interesting  occurrences 
of  Pleistocene  plant  fossils  is  in  a  clay 
deposit  near  Toronto,  Canada.  The  clay 
overlies  glacial  till  and  is  accordingly  younger 
than  the  till.  It  lies  beneath  another  bed  of 
till  that  was  formed  in  a  still  later  glacial 
stage  of  the  Pleistocene.  The  interglacial 
plants  are  found  in  two  main  zones.  The 
lower  contains  remains  of  the  Osage  orange, 
southern  white  cedar,  post  oak,  pawpaw,  and 
other  plants,  some  of  which  grow  today  only 
in  a  latitude  several  hundred  miles  farther 
south.  The  climate  around  Toronto  must  have  been  appreciably  warmer  at  that 
time  than  now.  The  upper  zone  contains  plants  of  a  type  that  are  resident  today  in 
northern  Quebec  or  Labrador,  indicating  a  return  of  the  cold  that  brought  about 
glaciation,  as  shown  by  the  higher  till. 

Extensive  collections  of  Pleistocene  plants  have  been  gathered  in  the  last  few  years 
from  California  (Chaney).  More  than  40  species  have  been  identified,  most  of  them 
still  living.  The  southward  extension  of  the  northern  forests,  probably  to  be  corre- 
lated with  one  of  the  glacial  stages  of  the  Pleistocene  epoch,  is  indicated  (Willow 
Creek  flora). 

SUMMARY 

The  Cenozoic  era  is  appropriately  termed  the  "Age  of  Mammals," 
because  this  highest  of  the  vertebrate  groups  expanded  enormously  in 
numbers,  variety  of  form,  and  intelligence,  becoming — as  they  are  today 
— the  dominant  animals  of  the  earth. 

Mammals  are  warm-blooded  animals,  characterized  by  a  hairy 
body  covering  and  by  the  nurture  of  the  young  through  milk  glands  of 


FIG.     398.— Standing 
Tertiary     petrified     tree, 


trunk    of     a 
Yellowstone 


National  Park.     (J.  P.  Iddings,   U.  S. 
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the  mother.  They  originated  from  reptilian  ancestors  near  the  beginning 
of  Mesozoic  time  but  did  not  assume  prominence  until  the  early  part  of 
the  Cenozoic  era,  when  they  began  to  show  specialization  along  many 
lines,  increase  in  average  size,  enlarged  intelligence,  and  a  vast  expansion 
in  numbers.  During  the  Tertiary  period,  mammals  became  adapted  to 
almost  every  possible  mode  of  life  on  land,  in  waters,  and  in  the  air. 
Fossil  remains  are  abundant  in  many  places  and  the  record  of  mammalian 
evolution  is  fairly  well-known. 

The  older  Tertiary  deposits  contain  skeletal  remains  of  primitive 
hoofed  mammals  that  are  distinguished  by  generalized  structure  and 
low  intelligence.  Chief  types  are  animals  called  condylarths  and 
amblypods.  They  shortly  became  extinct  but  are  the  stock  from  which 
the  higher  types  of  hoofed  mammals  are  probably  derived. 

Most  important  of  the  odd-toed  hoofed  mammals  are  the  horses,  which 
first  appeared  in  early  Eocene  time  as  diminutive  animals  with  four 
toes  on  the  front  feet  and  three  toes  on  the  hind  feet,  and  with  short- 
crowned  cusped  teeth  adapted  for  browsing.  Successively  younger 
representatives  of  the  horse  line  show  gradual  increase  of  size,  reduction 
in  the  number  of  toes  until  ultimately  only  the  middle  one  remains, 
and  important  changes  in  the  form  of  the  teeth  and  skull.  Horses  became 
extinct  in  North  America  during  Pleistocene  time.  Other  odd-toed 
hoofed  mammals  that  are  well  represented  in  the  fossil  record  are  the 
rhinoceroses,  which  were  greatly  varied  in  form  and  very  rich  in  numbers, 
the  titanotheres,  an  extinct  race  of  strange  horn-bearing  elephantine 
creatures,  and  the  chalicotheres,  large  and  peculiar  claw-toed  herbivorous 
animals. 

The  group  of  even-toed  hoofed  mammals  includes  a  host  of  swine- 
or  sheeplike  oreodonts,  giant  hogs  called  entelodonts,  peccaries,  camels 
of  various  sorts,  deer,  and  cattle.  Each  of  these  shows  evolutional 
change  along  different  lines,  some  leading  to  modern  species  and  others 
to  extinct  branches. 

Elephants  were  formerly  numerous  in  North  America,  although  they 
appear  to  have  originated  in  the  Old  World.  The  gradual  development 
of  structural  peculiarities,  especially  of  the  teeth  and  form  of  the  skull, 
are  well  shown  by  fossil  species  coming  from  different  parts  of  the  Ceno- 
zoic  deposits. 

Carnivorous  mammals,  particularly  the  dogs  and  cats,  are  well-known 
From  Tertiary  and  Quaternary  formations  but  their  remains  are  very 
rnuch  less  common  than  those  of  herbivores.  The  saber-toothed  cats 
that  culminated  in  the  Pleistocene  Smilodon  are  especially  interesting. 

The  successive  mammalian  faunas  from  Eocene  to  Pleistocene  time 
show  progressive  changes  from  the  archaic,  primitive  stocks  of  the  Early 
Tertiary  to  the  highly  specialized  and  widely  differentiated  groups  of 
ihe  Quaternary.  There  are  numerous  extinct  families  and  races.  Each 
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epoch  is  distinguished  by  characteristic  species  and  association  of  mammal 
types.  The  peak  of  mammalian  development,  excepting  man!  may  be 
recognized  in  the  Miocene  fauna. 

Among  the  lower  vertebrates  of  Cenozoic  time  are  (1)  reptiles,  including 
especially  turtles,  crocodiles,  and  lizards,  (2)  birds,  which  cohtain  repre- 
sentatives of  most  modern  families,  (3)  amphibians,  and  (4)  fishes,  which 
are  distinguished  by  dominance  of  the  teleost  or  bony  fishes  and  among 
marine  forms  by  the  very  large  size  of  some  sharks. 

Invertebrates  are  distinguished  by  the  prominence  of  pelecypods  and 
gastropods.  Protozoans  are  very  abundant  and  varied,  and  there  are 
many  kinds  of  echinoids,  bryozoans,  and  corals.  In  general,  the  Ceno- 
zoic shells  are  very  perfectly  preserved,  in  some  cases  showing  practically 
no  alteration  from  their  original  condition.  The  number  of  species  is 
very  large. 

Cenozoic  plants  are  very  numerous  and  in  several  deposits  remarkably 
well  preserved.  The  flowering  plants  or  angiosperms  far  outrank  all 
others  in  interest  and  importance. 


CHAPTER  XXX 

THE  GEOLOGIC  HISTORY  OF  MAN 

Man  is  an  animal.  We  may  say  without  egotism,  however,  that  he 
is  the  most  remarkable  animal  of  known  earth  history — that  he  marks 
the  supreme  achievement  of  the  organic  world.  Not  only  has  mankind 
gained  conquest  over  all  the  lands  of  the  earth,  but  he  has  devised  means 
of  traveling  at  will  over  the  surface  of  the  waters,  beneath  the  seas,  and 
in  the  air.  The  multiplicity  of  his  physical  works  and  inventions,  the 
complexity  of  his  social  organizations  and  adaptations,  and  his  develop- 
ment along  many  lines  of  so-called  cultural  and  spiritual  advancement 
are  sufficient  grounds  for  regarding  man  as  truly  unique. 

But  does  mankind  stand  really  alone?  Is  he  a  superior  being  wholly 
unrelated  to  other -forms  of  life  on  the  globe?  These  questions  have 
often  been  asked  and  are  pertinently  raised  here.  In  answer,  we  find 
that  study  of  man's  body  discovers  nothing  that  is  really  significant  as 
a  basis  for  complete  separation  from  various  other  kinds  of  living  animals. 
The  plan  of  his  skeletal  and  muscular  organization  is  the  same.  Part 
for  part  and  organ  for  organ,  there  is  such  complete  and  detailed  corre- 
spondence that,  whatever  man's  ancestry,  we  must  conclude  that  he  is 
fashioned  after  the  pattern  of  so-called  lower  animals.  The  chief  dis- 
tinguishing feature  of  man  is  his  brain.  Structurally,  he  is  otherwise 
comparatively  simple  and  unspecialized.  Each  of  the  limbs  bears  five 
digits,  which  is  the  primitive  number,  and  the  teeth  are  little  altered 
from  those  of  some  archaic  Eocene  mammals. 

Man's  closest  relatives  among  existing  animals  are  creatures  that 
similarly  have  an  unusually  well-developed  brain  and  little  specialization 
of  limbs  and  teeth.  These  animals,  including  man,  were  grouped  by 
Linnaeus  under  the  term  Primates  (from  the  Latin  primus,  first) .  Zoolo- 
gists recognize  two  very  unequal  groups  among  the  Primates:  (1)  the 
Lemuroidea,  primitive  forms  with  a  narrow  foxlike  muzzle,  and  (2)  the 
Anthropoidea,  manlike  forms,  including  monkeys,  baboons,  apes,  and 
man.  Externally,  there  is  little  indeed  to  suggest  a  relationship  between 
man  and  the  lemurs,  but  the  similarity  of  man  and  some  of  the  anthropoid 
apes  is  well-known  to  all.  Study  of  existing  primates  indicates  clearly, 
however,  that  none  of  the  apes  can  possibly  be  directly  ancestral  to  man. 
They  are  merely  cousins  of  man — some  of  them  rather  distant  cousins. 
The  chief  evidence  of  this  lies  in  skeletal  specializations  of  the  apes  that 
diverge  from  structures  seen  in  man.  Modifications  that  are  associated 
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mainly  with  tree-dwelling  habits  have  carried  monkeys,  gibbons,  orangs, 
chimpanzees,  and  gorillas  distinctly  beyond  a  point  that  could  give  rise 
to  beings  like  mankind.  Yet  it  is  entirely  reasonable  to  presume  that 
all  of  these  have  been  derived  from  a  common  ancestral  stock  that  lived 
in  some  part  of  the  fairly  recent  geologic  past.  Let  us  review  what  is 
known  of  fossil  primates. 


FIG.  399. — Skeletons  of  modern  primates.     (Pvabody  Museum,  Yale  University.} 
FOSSIL  PRIMATES  OF  TERTIARY  TIME 

Eocene. — Primate  fossils  have  been  found  in  all  of  the  continents 
except  Australia.  One  of  the  best-known  genera  is  Notharctus,  an  Eocene 
animal  with  size  about  equal  to  that  of  a  large  rat.  Its  skull  is  low,  long, 
and  rather  pointed  in  front.  The  teeth  are  generalized  in  form,  like 
those  of  other  primitive  mammals;  their  number  is  larger  than  in  man; 
the  incisors  project  obliquely  forward;  and  there  is  a  space  between  the 
incisors  and  the  molars.  The  food  of  these  animals  probably  consisted 
of  fruits,  nuts,  eggs,  and  insects.  Bones  of  the  skeleton  are  light  and 
slender,  and  the  structure  of  the  long-toed  feet  indicates  that  the  animals 
lived  mainly  in  trees. 

There  is  difference  of  opinion  as  to  whether  Notharctus  should  be 
classified  as  lemuroid  or  primitive  anthropoid,  but  it  seems  clear  that,  if 
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this  creature  is  not  the  ancestral  stock  from  which  both  suborders  were 
derived,  it  is  very  close  to  this  ancestor.     We  are  not  much  concerned 

with  the  lines  of  development  that  lead  to 
the     modern    lemurs    or    to    the    South 
American  and  Old  World  monkeys,  but  we 
shall  seek  to  follow  the  anthropoids  that 
are  more  closely  related  to  man.     It  may 
be  noted  here  that,  although  at  least  one 
nearly  complete  specimen  of  Notharctus  has 
been  found  in  the  Eocene  deposits  of  North 
America,  no  fossil  primate  is  known  from 
this  continent  in  Tertiary  rocks  younger 
than  the  Eocene.     This  forces  us  to  look 
elsewhere   for   possible   evidence  of  steps 
in  the  evolution  of  the  anthropoids. 
Oligocene. — The  Oligocene  beds  of  northern  Africa  have  yielded  a 
number  of  important  fossil  anthropoids.     One,  Parapithecus,  is  decidedly 
primitive,  but  there  is  a  Slight  extension  of  the  lower  part  of  the  jaw 
which  foreshadows  development  of  a  chin.     Another,  from  a  higher 


1*  IG.  -iuu. — iicau  01  monKey-iiKe 
lemur  (Anaptomorphus)  from  the 
Wasatch  Eocene  beds  of  the 
western  United  States.  (W.  B. 
Scott.) 


Old  World 
Monkey 


Chimpanzee! 


Notharctus 


FIG.  401. — The  skulls  of  man  and  lower  types  of  primates  showing  proportions  of 
the  brain  case  and  facial  regions  and  the  facial  angle.  (After  W.  K.  Gregory,  from  K.  F. 
Mather,  Sons  of  the  Earth,  W.  W.  Norton  &  Company,  Inc.) 

horizon,  is  Prcpliopithecus,  which  is  a  generalized  but  more  advanced 
form  that  might  well  have  served  as  the  ancestor  of  all  of  the  modern 
apes,  the  gibbon,  and  man. 

Miocene. — The  Miocene  deposits  of  Europe  and  Asia  contain  several 
fossil  anthropoids.  One  of  these  appears  to  belong  to  the  lineage  of  the 


THE  GEOLOGIC  HISTORY  OF  MAN  637 

gibbon,  another  is  in  the  line  of  development  of  the  orang,  and  still 
others  are  closely  related  or  in  part  ancestral  to  higher  anthropoids, 
including  man.  An  interesting  genus  that  is  well  represented  by  skeletal 
remains  obtained  in  India  is  Dryopithecus.  Some  of  the  species  show  a 
trend  toward  characteristics  of  the  modern  gorilla,  and  some  show  a 
similar  trend  toward  characters  of  the  chimpanzee.  At  the  same  time, 
the  structure  and  appearance  of  these  animals  are  probably  very  close  to 
those  of  our  prehuman  ancestors  in  mid-Tertiary  time.  Relationship  to 
man  is  especially  shown  by  critical  study  of  the  dentition  of  Dryopithecust 
which  in  many  details  is  practically  identical  with  that  of  man. 

Miocene  beds  of  India  have  yielded  scanty  fragments  of  another 
anthropoid  known  as  Sivapithecus.  Some  authorities  believe  that  this 
form  is  even  closer  than  Dryopithecus  to  the  primate  line  leading  to  man, 
but  this  is  doubtful. 

Pliocene  rocks  of  Eurasia  and  Africa  contain  fairly  numerous  remains 
of  anthropoids.  But  all  of  these,  with  a  single  exception,  are  more  closely 
related  to  existing  genera  of  apes  than  to  man.  The  exception  is  a  skull, 
found  in  1925,  near  Taungs,  South  Africa.  The  skull  was  embedded  in 
travertine  limestone  in  a  nearly  filled  old  cave,  some  50  feet  below  the 
surface  of  the  ground.  The  age  of  the  deposit  is  doubtful  but  is  thought 
to  be  Pliocene  or  possibly  very  early  Pleistocene.  The  fossil,  which  has 
been  named  Australopithecus,  indicates  an  animal  much  more  manlike 
than  any  of  the  apes.  Its  attitude  was  more  erect  and  the  poise  of  the 
head,  as  shown  by  the  proportion  of  brain  in  front  and  behind  the  support- 
ing column,  indicates  a  position  intermediate  between  that  of  the  adult 
chimpanzee  and  the  most  primitive  type  of  existing  man.  The  contour 
of  the  face  is  apelike,  but  the  teeth  meet  vertically  as  in  humans;  the 
canines  are  larger  than  in  man  but  smaller  than  in  the  apes;  the  molars 
are  large  and  the  cusps  resemble  those  of  the  modern  Bushman.  Char- 
acters of  the  teeth,  therefore,  show  rather  definitely  that  this  animal  was 
intermediate  between  the  chimpanzee  and  man.  The  brain  case  is 
larger  than  those  of  existing  apes,  but  distinctly  smaller  than  that  of  the 
most  primitive  fossil  man,  or  the  lowest  types  of  living  men.  Notwith- 
standing all  of  these  characters  that  place  Australopithecus  somewhat 
midway  between  apes  and  primitive  man,  the  South  African  fossil 
probably  represents  an  offshoot  of  the  anthropoid  line  leading  to  man, 
rather  than  a  true  ancestor  of  man. 

MAN  IN  THE  QUATERNARY  PERIOD 
Fossil  Remains  of  Man 

We  come  now  to  the  Quaternary  period,  which  from  the  standpoint 
of  living  things  is  appropriately  termed  the  "  Age  of  Man."  During  the 
time  in  the  Pleistocene  epoch  when  great  ice  sheets  spread  over  much  of 


638  THE  CENOZOIC  ERA 

the  Northern  Hemisphere,  and  during  the  interglacial  stages  of  compara- 
tive warmth,  there  lived  in  Asia,  Africa,  and  Europe  various  genera 
belonging  to  the  immediate  family  of  man.  The  middle  and  later  parts 
of  the  Pleistocene  epoch  witnessed  the  appearance  of  true  man,  genus 
Homo.  The  Recent  epoch  is  characterized  by  the  remarkable  develop- 
ment of  the  species  Homo  sapiens,  to  which  belong  the  races  of  modern 

mankind. 

Pithecanthropus,  the  "Ape 
Man." — Perhaps  the  most  famous, 
but  not  necessarily  the  most  impor- 
tant of  man's  fossil  relatives,  is  the 
so-called  Pithecanthropus,  or  "ape 
man."  Knowledge  of  this  genus  is 
based  on  the  upper  portion  of  a 
skull,  an  upper  leg  bone  (femur), 
and  three  teeth  discovered  in  1892 
on  the  banks  of  Bengawan  River, 

FIQ.    402.— Skull    found    near    Taxings,       pfl     Trinil     Tava         Thp  fn<*sil<*  wprp 
South  Africa,  which  possibly  represents  an    n6aF   lnml>  Java"        lne  IOSS11S  Were 

extinct  genus  of  the  man  family,    it  is  in    an    ancient    gravel    bed.     The 

named  Australo^th^  (K.  F.  Mather,  associated  petrified  bones  of  other 
Sons  of  the  Earth,  W.  W.  Norton  &  Com-  ^ 

pany,  inc.}  animals,  together  with  evidence  from 

fossil  plants  in  overlying  and  under- 
lying strata,  indicate  that  the  deposit  was  formed  in  early  Pleistocene  time. 
The  chief  features  revealed  by  study  of  the  remains  of  Pithecanthropus 
are  the  combination  of  distinctly  apelike  and  manlike  characters.  The 
eyebrow  ridge  is  very  prominent  and  massive,  as  in  the  gorilla  and 
chimpanzee.  The  forehead  is  strongly  receding,  and  the  brain  case  low. 
Characters  of  the  teeth  are  distinctly  human.  The  shape  and  articulating 
surfaces  of  the  leg  bone  indicate  that  its  possessor  stood  in  a  fairly  erect 
posture.  For  many  years  these  fossils  lay  in  a  museum  in  Belgium,  the 
matrix  not  completely  removed  from  the  interior  of  the  skullcap,  but 
recently  some  interesting  studies  of  the  brain  of  Pithecanthropus  have 
been  made  (McGregor,  1925).  A  cast  of  the  interior  of  the  skull  shows 
accurately  the  shape  of  the  brain  and  reveals  the  location  and  form  of  the 
brain  convolutions.  This  is  due  to  the  fact  that  growth  of  bone  on  the 
inside  of  the  skull  follows  closely  the  configuration  of  soft  parts.  Meas- 
urement of  the  size  of  the  Pithecanthropus  brain  indicates  that  it  had  a 
volume  of  about  940  cubic  centimeters,  which  is  much  greater  than  that 
of  a  large  gorilla  (about  560  cubic  centimeters)  and  even  within  the  range 
of  low  modern  humans.  Furthermore,  the  brain  cast  shows  such  develop- 
ment of  the  temporal  and  other  regions  as  to  permit  the  conclusion  that 
Pithecanthropus  possessed  the  rudiments  of  speech.  The  apeman  genus 
is  believed  surely  to  belong  in  the  family  of  men,  Hominidae,  but  he  is 
not  necessarily  a  direct  ancestor  of  man. 
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Eoanthropus,  the  "Dawn  Man." — Another  of  the  oldest  representa- 
tives of  the  man  family  is  Eoanthropus,  or  "dawn  man/'  Skull  remains 
of  this  creature  were  found  in  1911  near  Piltdown,  Sussex,  England,  and 
in  1917  additional  material  was  found  in  the  same  deposit  some  2  miles 
from  the  place  of  the  original  discovery.  The  Piltdown  fossils  show 
characters  of  the  lower  jaw,  some  of  the  teeth,  and  the  brain  case,  but 
the  facial  part  of  the  skull  is  mostly  lacking.  The  lower  jaw  is  long, 


Pithecanthropus  Eoanthropus 


Scyphanthropus     Homo  neandertalensis      Homo  sapiens 

FIG.  403. — Restoration  of  the  skulls  of  fossil  representatives  of  the  man  family,  Hominidae. 

(After  McGregor.) 

massive,  and,  like  the  apes,  chinless.  The  molar  teeth  are  manlike  in 
general  form,  but  the  ridges  of  the  grinding  surface  resemble  those  of 
Dryopithecus.  The  canine  is  enlarged  afcd  more  apelike  than  human. 
The  frontal  portion  of  the  brain  case  is  low,  but  the  size  of  the  brain  is 
larger  than  in  Pithecanthropus.  Remains  of  extinct  species  of  elephant, 
hippopotamus,  and  beaver  that  are  associated  with  bones  of  the  dawn 
man  indicate  a  time  belonging  early  in  the  Pleistocene  epoch,  possibly 
a  million  years  before  the  present. 

Sinanthropus,  the  Fossil  Man  of  China. — A  third  extinct  genus  of 
man  is  Sinantfiropus.  Our  knowledge  of  him  is  based  on  remains  found 
in  richly  fossiUferous  cave  deposits  some  40  miles  from  Peiping  (Pekin), 
China,  that  have  yielded  an  abundance  of  bones  representing  early 
Pleistocene  animals.  Material  excavated  in  1928  yielded  teeth  and 
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several  lower-jaw  fragments  of  an  anthropoid,  and  in  the  following  year 
special  search  for  additional  material  of  this  sort  was  rewarded  by  dis- 
covery of  a  nearly  complete,  very  well-preserved  skull.  This  so-called 
"man  of  China "  is  shown  to  have  had  excessively  massive  brow  ridges, 
somewhat  like  those  of  the  Java  ape  man,  but  his  brain  capacity  was 
about  25  per  cent  larger  than  that  of  Pithecanthropus.  The  fragments 
of  jaw  and  teeth  indicate  a  heavy  apelike  jaw,  probably  with  little  or  no 
chin,  as  in  Eoanthropus. 

Scyphanthropus,  the  "Stooping  Man." — Rhodesia,  in  South  Africa,  has 
yielded  evidence  of  a  fourth  extinct  genus  of  the  human  family  that 
is  probably  of  middle  Pleistocene  age.  The  discovered  remains  consist 
of  a  very  thick-boned  skull  with  cranium  and  facial  part  well  preserved, 


FIG.  404. — Fossil  skull  of  Scyphanthropua,  from  Rhodesia,  South  Africa.     (K.  F.  Mather, 
Sons  of  the  Earth,  W.  W.  Norton  &  Company,  Inc.) 

and  part  of  a  pelvis.  The  shape  of  the  socket  for  the  upper  leg  bone 
shows  that  the  pelvis  belonged  to  an  individual  that  stood  with  a  distinct 
crouch — hence  the  name  ScyphanthropuSj  meaning  the  "stooping  man." 
The  skull  exhibits  very  prominent  brow  ridges,  the  forehead  is  low  and 
receding,  and  the  brain  capacity  (1,300  cubic  centimeters)  is  larger  than 
the  lowest  range  of  existing  human  beings. 

Homo,  True  Mankind. — Finally,  we  come  to  representatives  of  the 
genus  to  which  modern  man  belongs,  called  Homo.  The  oldest  of  the  true 
men  may  well  have  been  contemporary  with  other  genera  of  the  man 
family  that  are  now  extinct,  but  we  do  not  know  this  definitely.  It 
is  probable  that  the  high  plateau  region  of  central  Asia  is  the  ancestral 
home  of  man,  but  evidence  of  the  beginnings  of  his  existence  in  this 
region  has  yet  to  be  discovered. 

The  Birthplace  of  Man. — The  main  reasons  for  belief  that  central  Asia  was  the 
region  in  which  the  human  branch  of  the  primate  stock  was  developed  may  be  stated 
briefly.  (1)  Study  of  the  distribution  of  different  animal  groups  indicates  that  the 
primitive  members  are  constantly  thrust  out  from  the  center  of  dispersal  into  the  most 
remote  terminal  regions  of  the  earth's  surface.  As  applied  to  man,  we  find  that  the 
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interior  of  Asia  is  centrally  located  with  reference  to  a  fringe  of  the  most  primitive 
living  peoples,  native  Australians,  Bushmen,  Negritos,  and  Tierra  del  Fuegans, 
who  have  been  pushed  out  into  the  peripheral  regions  of  the  globe  as  companions  of 
primitive  mammals.  (2)  The  great  plateau  of  central  Asia,  now  barren  and  sparsely 
inhabited,  is  bordered  on  the  west,  south,  and  east  by  the  earliest  recorded  civilizations, 
those  of  Egypt,  Asia  Minor,  Chaldea,  India,  and  China.  (3)  From  central  Asia,  CJHIH; 
the  successive  invasions  that  overflowed  Europe  in  prehistoric  and  later  times,  each 
group  of  invaders  pressing  westward  and  being  pressed  in  turn  from  behind.  The 
history  of  India  contains  similar  record  of  wave  after  wave  of  invasion  from  the  north 
and  that  of  China  of  many  invasions  from  the  west.  (4)  The  most  ancient  genera  of 
the  family  of  men,  in  so  far  as  now  known,  largely  surround  the  central  Asiatic  area: 
Sinanthropus  in  China,  Pithecanthropus  in  Java,  Scyphanthropus  in  Africa,  Eoanthropus 
in  northwestern  Europe,  and  early  representatives  of  Homo  in  Europe  and  Asia.  (5) 
The  ancestral  anthropoid  stock  from  which  the  family  of  mankind  seems  most  likely 


FIG.  405. — Forest  bed  at  Croiner,  England,  from  which  relics  of  early  Pleistocene  man  have 
been  collected.  Mr.  J.  Reid  Moir,  British  archeologist.  (Dean  Little,  Clark  University.) 

to  have  been  derived  is  Asiatic.  (6)  Study  of  the  Tertiary  geology  and  paleontology  of 
central  Asia  indicates  that  this  country  was  a  high  plateau  region  during  much  of  this 
period,  partly  open,  partly  forested,  partly  well-watered,  and  partly  arid.  This  is  an 
environment  likely  to  have  favored  differentiation  of  a  branch  of  the  anthropoid  stock 
leading  to  primitive  man. 

Heidelberg  Man. — The  most  ancient  fossil  that  is  regarded  on  compe- 
tent authority  as  belonging  to  true  man  consists  of  a  lower  jaw  found  in 
a  gravel  pit  near  Heidelberg,  Germany.  The  fossil  is  accordingly  desig- 
nated Homo  Heidelberg ensis.  The  teeth  are  distinctly  human  in  character, 
set  nearly  vertically  in  the  jaw  and  without  apelike  differentiation  of  the 
canines.  The  jawbones  show  primitive  characters  in  their  considerable 
thickness  and  breadth,  but  there  is  suggestion  of  the  presence  of  a  chin. 
The  age  of  the  gravel  bed  that  yielded  this  fossil  is  not  determined  cer- 
tainly but  is  thought  to  belong  to  the  Mindel-Riss  interglacial  epoch, 
which  corresponds  to  that  between  the  Kansan  and  Illinoian  glaciations 
of  America. 

Neanderthal  Man. — The  next  race  or  species  of  fossil  man  that  lived 
in  the  Ice  Age  of  western  Europe  is  well-known,  for  remains  of  some  40 
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different  individuals  have  been  found.  The  first  discovery  was  near  the 
village  of  Neanderthal,  in  northwestern  Germany,  and  accordingly  the 
species  has  become  known  as  Homo  neanderthalensis.  The  prominent 
eyebrow  ridges,  sloping  forehead,  and  the  brain  capacity  are  comparable 
with  those  of  some  prehuman  genera,  and  they  likewise  suggest  some  of 
the  most  primitive  types  of  living  mankind.  The  chin  was  somewhat 
receding,  the  head  was  carried  well  forward,  and  the  posture  was  not 
fully  erect.  Neanderthal  man  lived  in  valleys  and  rock  shelters  of  western 
and  southern  Europe  in  the  latter  middle  part  of  Pleistocene  time,  greatest 
development  belonging  to  the  third  (Riss-Wiirm)  interglacial  epoch, 
which  corresponds  to  the  Sangamon  interglacial  stage  in  America.  The 
Neanderthalers  were  great  hunters  and  they  became  proficient  in  the 
making  of  various  sorts  of  flint  implements.  There  is  also  evidence  that 
they  knew  how  to  use  fire.  As  the  chill  of  Wurm  glaciation  advanced 


Heidelberg  man  Chimpanzee  Modern  man 


FIG.  406. — The  lower  jaw  of  Heidelberg  man  compared  to  that  of  an  ape  and  modern  man. 
(K.  F.  Mather,  Sons  of  the  Earth,  W.  W.  Norton  &  Company,  Inc.) 

upon  them,  they  were  forced  to  give  ground  and  just  what  happened  to 
them  is  not  known.  They  were  replaced  by  a  superior  race  of  invaders 
that  is  regarded  as  the  oldest  known  representatives  of  the  existing  human 
species,  Homo  sapiens  (the  "wise  man"). 

Cro-Magnon  and  Modern  Man. — At  about  the  time  when  the  Wiirm 
glaciers  were  at  their  maximum  extent  or  beginning  to  disappear,  that 
is,  some  thirty  to  forty  thousand  years  ago,  the  first  known  representatives 
of  modern  man  appeared  in  western  Europe.  The  best  known  race  is 
called  Cro-Magnon,  from  a  small  village  in  central  France  (Dordogne 
region)  where  numerous  fossil  bones  have  been  found  in  caves  along  the 
river  courses.  Several  complete  skeletons  are  known,  and  altogether 
approximately  75  individuals  of  Cro-Magnon  and  other  men  of  about  this 
time  are  known.  The  Cro-Magnon  skulls  have  a  high  forehead,  facial 
bones  nearly  vertical,  a  brain  capacity  fully  equal  to  that  of  the  average 
modern  European,  and  a  well-developed  chin.  The  remainder  of  the 
skeleton  is  splendidly  proportioned  and  indicates  that  these  men  stood 
with  erect  posture.  The  average  height  was  somewhat  greater  than 
that  of  modern  men.  A  remarkable  record  of  the  cultural  achievements 
of  Cro-Magnon  man  is  left  in  the  various  tools  and  ornaments  fashioned 
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from  flint  and  bone  that  have  been  found,  and  in  paintings  and  carvings 
on  cave  walls.  Physically,  this  prehistoric  race  differed  in  no  determi- 
nable  way  from  high  types 'of  existing  men  and  it  was  certainly  superior 
to  some  of  the  lower  ranks  of  modern  mankind. 

Implements  and  Art  of  Prehistoric  Man 

Just  as  the  fossilized  trail  of  a  worm  or  track  of  a  dinosaur  furnishes 
definite  though  incomplete  evidence  of  the  existence  of  these  organisms, 
so  all  man-made  things  of  prehistoric  time  are  properly  considered  as 
fossils.  These  products  of  man's  activity  are  collectively  termed  arti- 
facts. Artifacts  are  nearly,  if  not  quite,  as 
important  as  the  fossilized  bones  of  man,  for 
they  furnish  definite  testimony  of  developing 
brain  power  and  manual  skill. 

At  this  point  it  is  appropriate  to  call 
attention  to  the  hands  of  man,  for,  next  to  the 
brain,  th$  hand  is  his  most  important  indivi- 
dualizing character  and  asset.  Contrary  to 
general  impression,  man's  hand  is  not  a  highly 
specialized  structure.  Unlike  many  other 
mammals  in  which  the  number  of  the  digits 
has  been  reduced  to  four,  three,  two,  or  even 
one,  man  retains  the  five  subequal  fingers  of  the 
most  primitive  quadruped  stocks.  Also,  the 
digits  bear  no  strong  impress  of  special 
adaptation,  as  for  flying,  like  the  bat,  for 
swimming,  like  the  seal,  or  for  running,  like 
the  antelope.  The  usefulness  of  the  hands  of 

v       /i\  •     xi.     £     A  AI.   A  !«•     i~'      j   i         j  FIG.     407. — Skeletons    of 

man  lies  (1)  in  the  fact  that  his  bipedal  mode    Neanderthal   man   (left)    and 

of  progression  has  freed  the  forelimbs  for  other  Cro-Magnon  man  (right),  at 
uses,  and  (2)  in  the  modification  of  the  hand  J^  scale*  (After  R'  8' 
for  grasping,  which  is  an  inheritance  from 

ancient  arboreal  ancestors.  Fortunately,  this  modification  is  not  too 
greatly  advanced.  The  apes  use  the  thumb  very  little  or  not  at  all,  for 
they  rely  on  the  long  strong  fingers  as  they  swing  from  branch  to  branch. 
They  cannot,  like  man,  oppose  the  tip  of  the  thumb  and  each  of  the  four 
fingers.  Thus,  the  hand  of  man  has  not  been  spoiled  by  too  long  a 
sojourn  in  the  tree  tops. 

Succession  of  Cultures. — Most  of  the  rock  shelters  and  caves  in 
western  Europe  that  were  inhabited  by  extinct  species  of  men  in  Pleisto- 
cene time  are  thickly  floored  by  earth  and  debris,  which  is  the  accumula- 
tion of  many  tens  of  centuries.  Excavation  of  these  cave  deposits  com- 
monly shows  a  number  of  successive  layers  containing  various  sorts  of 
human  artifacts,  the  traces  of  ancient  man-built  fires,  and  not  infrequently 
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the  bones  of  animals,  both  of  man  arid  of  contemporary  mammals.     The 
relative  age  of  such  deposits  is  dearly  shown  by  the  order  of  their  succes- 

nd  the  youngest  at  the  top.  Commonly, 
also,  there  is  a  readily  observable  dis- 
tinction in  the  quality  of  workmanship 
shown  by  the  artifacts,  the  simplest 
and  crudest  occurring  in  the  lowest 
levels  and  the  most  advanced  and 
beautifully  finished  in  the  highest 
levels. 

Terrace  gravels  and  other  deposits 
that  contain  human  artifacts  can  be 
dated  geologically  in  many  cases. 
The  material  of  a  high  terrace  deposit 
is  older  than  that  of  a  lower  one  in  the 
same  river  valley  and  the  age  of  these 
is  often  determinable  either  from 
physiographic  relations  to  known 
glacial  deposits  or  from  evidence 
yielded  by  other  fossils  in  the  deposits. 
Thus  a  definite  sequence  of  the  stages 
of  culture  or  industry  of  prehistoric 
man  in  Europe  has  been  established, 
and  this  sequence  has  been  correlated 
fairly  accurately  with  the  divisions  of 
Quaternary  time  as  indicated  by  the 
various  glacial  and  interglacial  stages. 
The  order  and  the  geologic  correlation 
of  the  chief  named  stages  of  these 
Stone  Age  industries  are  shown  in  the 
accompanying  table. 

Eoliths. — The  most  primitive  types 
of  man-made  stone  implements  are 
known  as  eoliths.  They  are  crudely 
shaped,  sharp-edged  pieces  of  stone 
(in  most  cases  flint),  which  by  their  form,  and  in  some  cases  by  the 
place  in  which  they  are  found,  indicate  the  working  of  a  primitive  man. 
Identification  of  these  very  crude  man-made  stone  implements  is  not 
always  certain,  however,  because  natural  forces,  such  as  the  battering  of 
flint  pebbles  on  a  seashore  by  waves  or  the  fracturing  of  flint  nodules  by 
heating  and  cooling,  may  in  some  cases  produce  objects  resembling  eoliths. 
Nevertheless,  there  are  many  eoliths  that  undoubtedly  represent  the 
beginning  of  man's  attempt  to  make  stone  implements.  Some  of  these 
are  reported  in  Pliocene  and  even  Miocene  deposits  but  not  in  older 


FIG.  408. — Gorilla,  largest  of  the 
modern  anthropoid  apes,  showing  spe- 
cialization of  structure  of  hands  and 
feet  differing  markedly  from  that  of 
man.  (Peabody  Museum,  Yale  Uni- 
versity.) 
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formations,  and  this  indicates,  the  existence  of  stone-using  precursors  of 
Pleistocene  man  some  20  to  25  million  years  ago, 

Paleoliths. — There  is  no  doubt  as  to  human  agency  in  the  making  of 
the  abundant  paleolithic  artifacts  that  have  been  gathered  by  thousands 

" 


FIG.  409. — Edge  and  side  views  of  an  early  Paleolithic  (Acheulian)  cleaver  which  was 
used  for  striking  blows  or  for  cutting  and  scraping.  (K.  F.  Mather,  Sons  of  the  Earth,  W.  W. 
Norton  &  Company,  Inc.) 

in  many  parts  of  Europe  and,  more  recently,  in  Asia.  The  older  paleo- 
liths  show  much  less  perfect  workmanship  than  the  later  ones,  but  many 
of  the  very  ancient  implements  indicate  considerable  skill  in  the  making. 
The  most  typical  Chellean  flints  are  stone  axes  or  cleavers,  roughly 

TABLE  SHOWING  SUCCESSION  OF  HUMAN  REMAINS  AND  CULTURES  OF  QUATERNARY 

TIME  IN  WESTERN  EUROPE 


RECENT  | 

Postglacial 

6i 

zt 

.J 

Age  of  Metals 

Homo 
sapiens 

i  i 

EOLITH  1C  |  PALEOLITHIC 

[  I 

Mafcdalenian 
Solotrean 
Aurignecian 

|  PLEISTOCENE 

Worm  cjlacial 

Mou»terian 

Homo 
neander- 
tslensis 

Homo 
heSdef  - 
b«rq«nsis 

5oanthropus 

Interqlacta! 

Riss  qlacial 

Acheulian 

fnferq/sciaf 

Chettaan 

Mindel  qlscial 

Pre-Chelle«n 

fnfvrq/acial 

CUn^  g  facie  1 

chipped  on  two  faces  so  as  to  make  sharp  edges  except  at  the  base,  which 
was  thick  and  rounded  to  fit  conveniently  in  the  hand.  The  first  paleo- 
liths  were  made  by  chipping  away  a  fairly  large  flint  nodule  or  cobble 
until  the  desired  shape  had  been  obtained.  Later,  it  was  found  that 
many  of  the  chips  or  flakes  that  were  broken  from  a  flint  nodule  could 
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be  trimmed  and  shaped  to  serve  useful  ends.     Thus  a  great  variety  of 
flint  implements  were  developed:  blades,  points,  scrapers,  and  arrow- 


Fio.  410. — Late  Paleolithic  (Solutrean)  flint  blades  and  points.  These  delicately 
fashioned  implements  show  the  finest  of  workmanship.  The  blade  at  right  is  nearly  14 
inches  long  and  less  than  ^  inch  thick  in  the  central  part.  (K.  F.  Mather,  Sons  of  the  Earth, 
W.  W.  Norton  &  Company,  Inc.) 


FIG.  411. — Rock  tables  (dolmen)  or  monuments  constructed  by  prehistoric  man,  Morbihan, 
France.     (Frank  Carney,  Baylor  University.) 

or  spearheads.  The  culmination  of  this  development  is  found  in  Solu- 
trean flints,  many  of  which  were  fashioned  with  marvelous  skill  and 
delicacy.  Bones  were  sawed  and  carved  to  make  tools;  among  these  are 
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bone  needles  that  were  threaded  with  thongs  to  sew  the  skins  for  the 
making  of  clothing. 

Neoliths  are  smoothed  or  polished  stones  made  by  man  in  the  latter 
part  of  the  Stone  Age,  that  is,  in  part  of  the  early  and  middle  Recent 
epoch  following  disappearance  of  the  last  great  ice  sheet  in  Europe.  The 
men  of  this  time  were  mainly  nomads  and  hunters  but  they  appear  to 
have  had  herds  of  cattle,  sheep,  and  goats,  and  probably  at  about  this 
time  came  the  beginning  of  farming. 

There  is  evidence  of  the  use  of  metals  in  Chaldea  and  Egypt  about 
5000  B.  c.  Gold  and  copper,  and  later  bronze  and  iron,  were  used  in 
making  a  variety  of  objects,  and  their  development  spread  with  the 
growth  of  early  Mediterranean  civilization. 

Artistic  Achievements. — Caves  in  France, 
Spain,  and  other  parts  of  Europe  occupied 
by  Paleolithic  man  furnish  a  most  interest- 
ing record  of  the  artistic  endeavors  of 
primitive  man.  A  large  number  of  drawings 
and  engravings  have  been  found  on  the  roof 
and  walls  of  various  caves,  and  there  are 
well-preserved  examples,  also,  of  sculpture  „  ,„„  „ 

,  ,         JT        •       i  T-U         if-      x  FIG.  412.— Carving  on  a  cave 

m  Stone  and  modeling  in  Clay.      The  Subjects    wall   at  Lea  Combarelles,  in  the 

of  these  artistic  efforts  are  mainly  animals  Dordogne  region  France.    (After 

,  I  Abb6  H.  Breuil.) 

familiar  to  the  cave  dwellers  and  hunted 

by  them.  Among  forms  depicted  are  the  bison,  deer,  horse,  hairy 
mammoth,  and  woolly  rhinoceros,  which  roamed  over  Europe  during 
the  great  Ice  Age.  Most  of  these  animals  are  now  vanished  from  this 
region  or  from  the  earth. 

Man  in  North  America 

When  first  known  to  Europeans,  the  Indians  of  North  America  had 
advanced  to  a  cultural  stage  approximately  equivalent  to  that  of  the 
late  Paleolithic  period  in  Europe,  or  in  the  case  of  certain  tribes  of  grain 
growers  a  Neolithic  type  of  culture  had  been  attained.  Antecedent  to 
these  Indian  tribes  but  apparently  not  extremely  ancient,  were  the 
mound  builders,  the  cliff  dwellers  of  the  southwest,  and  the  Aztecs  of 
Mexico.  Human  remains  and  artifacts  have  been  found  some  15  to 
30  feet  below  a  lava  bed  near  the  City  of  Mexico.  Remains  of  man  asso- 
ciated with  bones  of  extinct  Pleistocene  mammals  have  been  found  at 
Vero,  in  eastern  Florida,  but  it  is  not  proved  that  man  was  actually  a 
contemporary  of  the  other  mammals  at  this  place  or  that  the  human 
remains  are  as  old  as  the  Wisconsin  glaciation.  Numerous  artifacts  and 
a  few  human  bones  have  been  found  in  gravel  deposits  of  Pleistocene  (?) 
age  at  Trenton,  N.  J.  Bones  of  a  mastodon  dug  up  at  Attica,  N.  Y., 
were  found  associated  with  bits  of  charcoal  and  pottery,  The  skeleton 
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of  a  fossil  extinct  bison  from  a  depth  of  about  20  feet  below  the  surface 
of  Logan  County,  Kans.,  had  a  well-shaped  arrowhead  beneath  one  of  the 
shoulder  blades.  The  presence  of  man  in  North  America  prior  to  the 
extinction  of  the  elephant  family  on  this  continent  is  indicated  by  dis- 
covery of  a  crude  drawing  of  an  elephant  on  a  deer  bone  in  a  Missouri 
cavern,  the  occurrence  of  elephant-shaped  mounds  built  by  mound 
builders,  and  the  pictures  of  elephant  heads  made  by  Aztecs. 

It  is  fairly  certain  that  all  of  the  Indians  of  North  and  South  America 
are  descendants  of  Asiatic  invaders  who  spread  eastward  and  southward 
from  Alaska.  There  is  yet  no  proof,  however,  that  migration  of  man  to 
the  American  continents  occurred  earlier  than  the  time  of  Wisconsin 
glaciation  in  very  late  Pleistocene  time.  It  is  probable  that  the  maximum 
age  of  man  in  North  America  is  about  forty  thousand  years. 

SUMMARY 

Man  is  the  most  advanced  of  the  primates,  which  are  chiefly  distin- 
guished from  other  mammals  by  their  proportionately  large  brain.  The 
beginning  of  the  primate  line  is  represented  by  fossils  (Notharctus  and  its 


FIG.  413. — Skulls  of  man  and  gorilla  out  in  longitudinal  section  to  show  comparative  size 
of  the  brain  case.      (Pe.abody  Museum,  Yale  University.} 

allies)  found  in  Eocene  rocks,  and  the  main  lines  of  evolutionary  branch- 
ing are  shown  by  fossils  in  Oligocene,  Miocene,  and  Pliocene  formations. 
Man  is  not  a  descendant  of  any  existing  type  of  manlike  ape,  because 
apes  are  specialized  in  directions  that  differ  from  man. 

Four  extinct  genera  belonging  1o  the  immediate  family  of  man  have 
been  discovered  to  date.  Those  aro  the  "apo  man"  (Pithecanthropus)- 
from  Trinil,  Java;  the  "dawn  man"  (7<,W////ro/>//.s)  from  Piltdown, 
Kngland;  the  "man  of  China"  (Xinuntliropiix)  from  near  IViping,  China; 
and  the  "stooping  man"  (*sV-///>//a//////-o/>//.'si)  from  Rhodesia,  South  Africa, 
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All  of  these  aj:e  very  definitely  manlike,  but  the  brain  capacity  is  dis- 
tinctly less  than  that  of  average  modern  man,  there  are  prominent  brow 
ridges,  and  the  lower  jaw  shows  apelike  characters.  The  oldest  of  these 
remains  belong  to  the  very  early  Pleistocene,  and  are  probably  at  least 
a  million  years  old. 

Extinct  species  of  the  genus  (Homo)  to  which  modern  man  belongs  are 
the  Heidelberg  and  Neanderthal  men  who  lived  in  western  Europe  in 
early  and  middle  Pleistocene  time.  The  oldest  representative  of  the 
living  species  of  mankind  (Homo  sapiens)  is  Cro-Magnon  man,  who 
differed  in  no  essential  physical  way  from  modern  Europeans.  The 
most  complete  record  of  man's  development  in  Pleistocene  and  Recent 
time  is  found  in  western  Europe,  where  the  existing  species  of  man  made 
first  appearance  near  the  time  of  the  last  extensive  glaciation  (Wurm, 
or  Wisconsin). 

The  advancement  of  mankind  during  Quaternary  time  is  recorded 
by  stone  and  other  implements  that  he  devised  (artifacts)  and,  in  later 
times,  by  carvings  and  drawings  on  cave  walls.  The  most  primitive 
kinds  of  man-made  stone  implements  are  known  as  eoliths.  Some 
of  these  have  been  reported  from  Pliocene  and  Miocene  formations. 
Ancient  but  more  skillfully  constructed  implements  are  termed  paleo- 
liths,  and  comparatively  recent,  in  part  polished  stone  implements,  are 
termed  neoliths.  Prehistoric  human  inhabitants  of  North  and  South 
America  are  almost  certainly  descendants  of  Asiatic  invaders  who  first 
came  to  these  continents  at  about  the  time  of  the  last  glaciation  (Wis- 
consin), probably  not  more  than  40,000  years  ago. 
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Adirondack  Mts.,  69 
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Africa,  Pre-Cambrian,  73;  Paleozoic,  117; 

Silurian,  171;  Devonian,  250;  Missis- 

sippian,     273;     Pennsylvanian,     309; 

Permian,  328;  Mesozoic,  394;  Triassic, 

407;  Cretaceous,  446;  Tertiary,  542 
Agassiz,  Lake,  570 
Agassiz,  Louis,  553 
Agate  Springs  bone  bed,  181 
Age  of  the  earth,  52 
Age  (time  term),  54,  55 
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Algae,  lime-secreting,  106,  193 
Algoman  granite,  87-88 
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42,43 

Allegheny  Plateau,  112 
Allegheny  series,  292 
Alps  Mts.,  73 
Amblypods,  600,  619 
Ammonites,  357 
Ammonoids,  Early  Paleozoic,  224;  Late 

Paleozoic,  356;  Mesozoic,  483-487 
Amphibians,    Late    Paleozoic,    366-369; 

Mesozoic,  481;  Cenozoic,  622 
Amynodonts,  606 
Ancestral  Rocky  Mts.,  308,  324 
Angiosperms,  504,  627 
Animikian  system,  89,  91 
Anomodonts,  474 
Anthozoa  (corals),  201 
Anthropoidea,  634 
Appalachia,  123-124 
Appalachian        geosyncline,        123-124; 

troughs  and  barriers,  143-146 
Appalachian  Mts.,  69,  109;  origin,  332- 

334 

Appalachian  Plateaus,  112 
Appalachian  region,  69 


Appalachian  Valley,  110 
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Archean  rocks,  75-79;  Grand  Canyon 
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Archeozoic  era,  56,  66,  75-81,  104 
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Asia,  Pre-Cambrian,  73;  Paleozoic,  116; 
Cambrian,  130;  Ordovician,  162;  Sil- 
urian, 171;  Devonian,  250;  Missis- 
sippian,  273;  Pennsylvanian,  309; 
Permian,  328;  Mesozoic,  393;  Triassic, 
407;  Jurassic,  423;  Cretaceous,  446; 
Tertiary,  541;  Quaternary,  578 

Asteroids,  346 

Asthenolith  hypothesis,  28-30 

Atlantic  Coastal  Plain,  389,  511 

Atlantic  Province,  Cambrian,  132;  Ordo- 
viciaii,  141 

Atlantis,  133 

Atmosphere,  initial,  17,  20 

Atmospheric  constituents,  affecting  glaci- 
ation,  587 

Australia,  Pre-Cambrian,  73;  Paleozoic, 
117;  Cambrian,  130,  134;  Ordovician, 
152;  Silurian,  171;  Devonian,  250; 
Mississippian,  273;  Pennsylvanian, 
309;  Permian,  328;  Mesozoic,  394; 
Triassic,  407;  Cretaceous,  446;  Ter- 
tiary, 542 
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Balconea  fault  zone,  457 

Baluchitheres,  606 

Barrell,  Joseph,  12,  26,  135 

Barriers,    in    Appalachian    geosyncline, 

143-146 

Belemnoids,  488 
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Bentonite,  409,  457 
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Blastoids,  205,  345 
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Borderlands,  23 

Brachiopods,  character,  210-212;  Early 

Paleozoic,    212-215;    Late    Paleozoic, 

348-352;  Mesozoic,  495;  Cenozoic,  627 
Bridge  Creek  flora,  629 
Bryozoans,    character,    208-210;    Early 

Paleozoic,   210;  Late   Paleozoic,   348; 

Mesozoic,  495-496;  Cenozoic,  626-627 
Burgess  shale  fauna,  234 
Butts,  Charles,  144 


C 


Calcification,  184 

Caledonian  Mts.,  175 

Cambrian,  56,  112,  118-136;  life,  232-234 

Camels,  611,  620 

Canadian  Shield,  23,  67-69,  75-78 

Canadian  series,  142;  epoch,  152 

Carboniferous,  56,  273,  281 

Carbonization,  184 

Caribbean  region,  Tertiary,  529 

Carnivorous  dinosaurs,  466 

Carnivorous  mammals,  617-620 

Cascadia,  130 

Cascadian  disturbance,  546 

Cast,  184 

Catastrophism,  54 

Cattle,  612 

Cayugan  series,  165,  173 

Cement  rock,  157,  176 

Cenozoic,  56,  510-649 

Central  Plains,  71 

Cephalopods,  character,  221-223;  Early 
Paleozoic,  223-224;  Late  Paleozoic, 
354-358;  Mesozoic,  483-488;  Cenozoic, 
625 

Ceratites,  357 

Ceratopsians,  470 

Chalicotheres,  608 

Chamberlin,  T.  C.,  5,  9,  10,  27,  103 

Champlainian  rocks,  141 

Chazyan  series,  143;  epoch,  153 

Chester  series,  264;  epoch,  276 

Cincinnati  dome,  114,  148-149 

Cincinnatian  series,  143;  epoch,  154 


Cirripeds,  496 

Clarke,  John  M.,  236 

Climate,  Cambrian,  134-135;  Ordovician, 
155-156;  Silurian,  173-174;  Devonian, 
254;  Pennsylvanian,  313;  Permian, 
334;  Triassic,  410;  Jurassic,  426; 
Cretaceous,  457-458;  Tertiary,  547; 
Quaternary,  552;  factors  controlling 
glaciation,  586 

Climatic  significance  of  plants,  381-382 

Coal,  Mississippian,  279;  origin,  287- 
290;  Pennsylvanian,  314;  Permian, 
336;  Triassic,  411;  Jurassic,  422,  428; 
Cretaceous,  431,  458;  Tertiary,  549 

Cockroach,  361 

Colernan,  A.  P.,  88 

Collins,  76 

Colorado  Plateau,  392 

Comanche  series,  437-439 

Condylarths,  599-600,  619 

Conemaugh  series,  292 

Conifers,  Late  Paleozoic,  380;  Mesozoic, 
502 

Continents,  development,  21-30;  geologic 
features,  22-24;  features  of  borders, 
23-24;  density,  24;  origin,  26-30;  per- 
manency, 25-26 

Conularids,  219 

Copper,  94,  328,  549 

Coprolites,  185 

Corals,  character,  201;  Early  Paleozoic, 
202;  Late  Paleozoic,  340;  Mesozoic, 
497-498;  Cenozoic,  627 

Cordaites,  379 

Cordilleran  geosyncline,  130 

Cordilleran  ice  sheet,  557 

Cordilleran  intermontane  geanticline,  419 

Cordilleran  region,  71 

Correlation  of  formations,  45,  63 

Cotylosaurs,  371 

Creodonts,  617,  619 

Cretaceous,  58,  430-460;  life,  507-509 

Crickmay,  C.,  419 

Crinoids,  character,  205-207;  Early  Pale- 
ozoic, 206;  Late  Paleozoic,  342-345; 
Mesozoic,  495;  Cenozoic,  626 

Cro-Magnon  man,  642-643 

Crustaceans,  224,  358;  Mesozoic,  496 

Culm  beds,  68,  259,  273 

Culmkle  disturbance,  278 

Cumberland  Plateau,  112 

Cumberland  Valley,  110 
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Cystoids,  204,  346 


Dana,  James  Dwight,  26 
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Dawson,  Sir  William,  236,  373 

Deer,  612 

Des  Moines  series,  292,  302;  epoch,  310 

Devonian  period,  58,  236-256;  life,  382 

Diatoms,  534 

Dinantian  system,  58 

Dinosaurs,     182,    465-473;    eggs,    472; 

tracks,  472 
Dragonfly,  40,  361 
Driftless  area,  557 
Dunkard  series,  320 
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Early  Paleozoic,  life,  193-235 

Earth,  density,  4;  dynamic  properties,  5; 

form  and  constitution,  4,  origin,  4-14; 

interior,  15;  crust,  15,  19;  age,  52 
Echinoderms,  character,  204r-207;  Early 

Paleozoic,    205-207;    Late    Paleozoic, 

342-346;  Mesozoic,  493-495;  Cenozoic, 

626 
Echinoids,    Early   Paleozoic,    207;   Late 

Paleozoic,    346;    character,    493-495; 

Mesozoic,  493-495;  Cenozoic,  626 
Ecliptic,  5       x 
jflephants,  6^3-617,  620 
Emmons,  Ebenezer,  141 
Entelodonts,  610,  620 
Eocene  series,  58,  521;  Atlantic  and  Gulf 

border,  524-526;  Pacific  Border,  531- 

533;    Continental    Interior,    536-538; 

Eurasia,   541;  epoch,   543;  mammals, 

'619;  plants,  628-629 
Eogene,  521 
Eoliths,  644 
Eon,  55 

Ep-Archean  erosion  interval,  78 
Epoch,  54,  55 
Era,  54,  55 
Europe,  .  Pre- Cambrian,    72;    Paleozoic, 

115;  Cambrian,  130;  Ordovician,  152; 

Silurian,    171,    174;    Devonian,    250; 

Mississippian,     273;     Permsylvanian, 

309;    Permian,    327;    Mesozoic,    393; 

Triassic,    406;   Jurassic,    422;    Creta- 


ceous, 446;  Tertiary,  541;  Quaternary, 

577 

Eurypterids,  230,  359 
Evolution,  organic,  179 


"Fall  line,"  of  Piedmont  region,  70 

Fail  Zone  peneplain,  424,  434,  447,  456 

Fanglomerate,  399 

Faunal  provinces,  132,  141,  233 

Ferns,  Late  Paleozoic,  373;  Mesozoic,  503 

Fishes.  179;  Early  Paleozoic,  232;  Late 
Paleozoic,  361-366;  character,  362; 
Mesozoic,  482-483;  Cenozoic,  622 

"Floating-continents"  hypothesis,  27 

Florissant  lake,  539,  629 

Flowering  plants,  Mesozoic,  504-506; 
Cenozoic,  627-631 

Fly,  180 

Flying  reptiles,  477-478      \^ 

Foraminifera,  character,  J,95V1 97;  Early 
Paleozoic,    195;  Late   Paleozoic,   338; 
Mesozoic,  496;  Cretaceous,  440;  Ceno- 
i       zoic,  625;  Eocene,  541 

Formations,   geologic,  36,   119   (see  also 

Stratigraphic  divisions) 
)  Fossil  invertebrates 

Acanthoceras,  487 ;  Acanthocladia, 
347;  Acervularia,  341;  Acidaspis,  227; 
Acrothele,  213;  Acrotreta,  213;  Aciin- 
opteria,  363;  Aganides,  355,  357; 
Agaricocrinus,  345;  Agassizocrinus, 
343;  Agnostus,  227;  Alectryonia,  489; 
Allerisma,  353;  Alveolites,  204;  Ambo- 
coelia,  351;  Ambonychia,  217;  Ammo- 
discus,  196;  Amphissites,  359;  Am- 
plexopora,  209;  Amplexus,  340;  Ampyx, 
227;  Anchura,  492;  Anomalina,  625; 
An'owia,  490;  Anthraconeilo,  353;  Ar- 
cestes,  486;  Archimedes,  347;  Arctin- 
urns,  229;  Arniotites,  486;  Arpadites> 
486;  Arthrophycus,  207;  Asaphiscus, 
228;  Astartetta,  353;  Astraeospongia, 
197,  198;  Astylospongia,  197,  198j 
Athyris,  351;  Atops,  228;  Atrypa,  187, 
214,  351;  Aulacophyllum,  341;  Aviculo- 
pecten,  353 

Bactrites,  357;  Baculites,  487;  Bair- 
dia,  369;  Bathytormus,  623;  Bathyuris- 
cw,  228;  Bathyurus,  229;  Batocrinus, 
344;  BatostomcUa,  348;  Beatricea,  199; 
Belemnitella,  487;  Bdermntes,  488; 
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Betterophon,  220,  354;  Beloccras,  357; 
BiUingsdla,  213;  Bolivina,  625;  Bollia, 
859;  Bothriocidaris,  207;  Brachyme- 
topus,  357 ;  Brachythyris,  351 ;  Bucawa, 
220;  Bucanopsis,  354;  Buchiola,  363; 
Butimina,  625;  Buliminella,  625;  Bw- 
wasfos,  229, 230;  Busycon,  624;  Bysson- 
ychia,  217 

Cactocrinus,  344;  Cadoceras,  486; 
CaZceote,  341;  Cateia,  234;  Ca«o- 
cystites,  204;  Calymene,  229,  230; 
Calyptraphofas,  624;  Camarotoechia,, 
214;  Carrier ocerasj  224;  Campophyllum, 
342;  Camptonectes,  490;  Cancellaria, 
624;  Caprinula,  491;  Cardioceras,  486; 
Cardium,  490;  Caryocrinus,  204;  Ca- 
tazyga,  213;  Cavellina,  359;  Cedaria, 
228;  Ceratopea,  220,  235;  Cerasto- 
derma,  623;  Ceratites,  486;  Cerato- 
cephala,  227,  229;  Ceraurus,  229;  Cen- 
thium,  624;  Chaetetes,  342;  Cheirurus, 
230;  CTitone,  623;  Cfcota,  197,  233; 
Chonetes,  349;  CiMeides,  626;  CJado- 
pora,  204,  341;  Clathrodictyon,  199; 
Clavilithes,  624;  Climacograptus,  200; 
Clionites,  486;  Cliothyridina,  -351; 
Clorinda,  214;  Clymenia,  357;  Coefo'- 
dium,  218;  Coloceras,  366;  Colpomya, 
217;  Columnaria,  203;  Composita,  351; 
Conchidium,  214;  Conocoryphe,  228; 
Constdlaria,  209;  Conularia,  219; 
notrypa,  209;  Crassatellina,  490; 
satellites,  490,  623;  Crepicephalus,  228, 
233;  Crepidula,  624;  Crotalocrinus,  206; 
CryptolithuSj  227,  229;  Cryptozoon, 
235;  Ctenodonta,  217;  Cucullaea,  490, 
623;  CycldbuSj  357;  Cydonema,  220, 
354;  Cyclopora,  347;  Cydopyge,  230; 
Cydospira,  214;  Cypraea,  624;  Cyrtia, 
214;  Cyrtina,  214,  361;  Cyrtoceras, 
224;  Cyrtodonta,  217;  Cyrtolites,  220; 
Cyatiphyllum,  203,  341;  Cystodictya, 
847 

Dalmanella,  214,  349;  Dalmanites, 
229,  357;  Daraelites,  366;  Deiphon, 
229;  Ddtopecten,  353;  Der&ya,  349; 
Diaphorostorna,  364 ;  Diaphragmm, 
849;  Dicranograptus,  200;  Dictyoclos- 
tua,  849;  Dietyonema,  201;  Didymo- 
graptus,  200;  Dikelocephalus,  228; 
Dimorphoc&ras,  856;  Dinorthis,  214; 
IHphyphyllum,  342;  Dipleura,  367; 
Discoceras,  224;  Discotropites,  486; 


Dolatocrinus,  344;  Dorsanum,  624; 
Dorycrinus,  344;  Dorypyge,  233;  Z)o- 
sina,  623;  Dosiniopsis,  623;  Durania, 
490 

Eccyliomphcdus,  218;  Echinoconchus, 
349;  Ecphora,  624;  Edmondia,  353; 
Edriocrinus,  344;  Elrctihia,  228;  Eodis- 
cus,  226,  227;  Eoorthis,  213;  Eospirifer, 
214;  EndoceraSj  224;  Engonoceras,  487; 
Enteletes,  350;  Eponides,  625;  #ndo- 
trypa,  209;  Eschar opora,  209;  Eucalyp- 
tocrinus,  206;  Eucrassatella,  623;  Eumi- 
crotis,  490;  Euomphalus,  354;  JSuphe- 
mus,  354;  Eupleura,  624;  Eurypterus, 
231;  Eutrochocrinus,  344;  Exogyra, 
489,  491 

Fasciolaria,  492,  624;  Favositdla, 
209;  Favo sites,  203,  341;  Fenestella, 
347;  Ficopsis,  624;  Fistulipora,  347; 
Fusinus,  624 

Gastrioceras,  355;  Gaudryina,  625; 
Gephyroceras,  357;  Globigerina,  625; 
Globularia,  624;  Glossograptus,  200; 
Glyptopleura,  369;  Gomphoceras,  223; 
Gonioceras,  224;  Goniodadia,  347; 
Goniograptus,  200;  Gonioloboceras,  355; 
Goniophora,  353;  Goniophyllum,  204; 
Grammy sia,  353;  Gryphaea,  489,  491; 
Gryphaeostrea,  489;  Guttulina,  625; 
Gymnites,  486;  Gypidula,  214,  349; 
Gyroceras,  366 ;  Gyroidina,  626 ;  Gyromaf 
354 

Hallopora,  209 ;  Halysites,  203 ;  /f are- 
xieeras,  487;  Harpes,  227;  Hebertella, 
213,  214;  Hdicoceras,  487;  Hdicotoma, 
220;  Heliolites,  203;  Heliophyllum, 
341;  Helopora,  209;  Hemiaster,  494; 
Heteraster,  494;  Hexactinellida,  339; 
Hexameroceras,  224;  HindeUa,  214; 
HipparionyXj  349;  Holectypus,  494; 
Hollinetta,  369;  Holmia,  234;  Homalon- 
otusj  229,  230;  Homeospira,  214; 
Homotrypat  209;  Homotrypdla,  209; 
Hoplolichas,  227;  Hormotoma,  220; 
Hughmilleria,  231;  Hiistedia,  351; 
Hydreionocrinus,  344;  Hyolithes,  220; 
Hypothyridina,  186 

Illaenus,  230;  Inoceramus,  490,  491; 
Jschadites,,  198;  Isotelus,  229,  230 

Jonesina,  359 ;  Juresania,  349 ;  Juva- 
vites,  486 

Kionocerqs,  224;  Kirkbya,  359; 
Kutorgina,  213 
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Labechia,  199;Lagrena,  626 ;  Lagrenam- 
mina,  196;  Lecanospira,  220;  Leda, 
363;  Leptaena,  186,  213,  349;  Leptodus, 
350;  Licfras,  230;  Lichenariv,  203; 
Lima,  363,  490;  Limtdus,  360;  Lingula, 
496;  Lingulella,  213;  Linoproductus, 
349;  Lioclema,  347;  Liopeplum,  492; 
Liorhynchus,  349;  Lirosoma,  492;  Lw- 
spira,  220;  Lithostrotion,  341;  Lopho- 
phyllum,  341;  Lophospira,  220;  Loxo- 
nema,  364 ;  Lutina,  623 ;  Lyropora,  347 ; 
Lyttonia,  349 

Maclurites,  220;  Macraster,  494; 
Maelonoceras,  224;  Manticoceras,  366; 
Marathonites,  366;  Marginifera,  349; 
Marginulina,  626;  Marsupites,  495; 
Medlicottia,  366;  Meekoceras,  486; 
Meekospira,  364;  Megacosmus,  180; 
Megalaspis,  227;  Megistocrinus,  344; 
MelocrinuSj  344;  Melonechinus,  346; 
Meristella,  361;  Meristina,  214;  Mesa- 
lia,  624;  Mesoblastus,  346;  Mesolobus, 
349;  Mesonacis,  228;  Metacoceras,  366; 
Metis,  623;  Metoicoceras,  487;  Miche- 
linea,  341;  Micromitra,  213;  Miller o- 
ceras,  366;  Mimoceras,  357;  Modio- 
lodon,  ^217 ;  Modiolopsis,  217 ;  Modio- 
morpha,  353;  Monilopora,  342;  Mono- 
graptus,  200;  Monotis,  490;  Monti- 
culipora,  209 ;  Mortoniceras,  487 ;  Muen- 
steroceras,  366;  Myalina,  363,  490 

Neolenus,  234;  Neospirifer,  361; 
Nisusia,  213;  Nodosaria,  626;  Noetia, 
623;  Nucleocrinus,  346;  Nudeospira, 
361;  Nucula,  363;  Nuculites,  363; 
Nuculopsis,  363;  Nummulites,  541,  626 

Obolella,  213;  Obolus,  213;  Octonarw, 
369;  Odontocephalus,  357;  Ogygite#j 
229;  Ogygopsis,  228;  Olenellus,  228, 
233;  Olenus,  234;  OKva,  624;  Omospira, 
220;  Ophileta,  220;  Ornoptris,  492; 
Oma,  228;  Orthaulax,  624;  Ort/m,  213, 
214;  Orthoceras,  185,  223;'Or*ft<mofo, 
363;  Orthotetes,  349;  Oryctocephalus, 
228;  OsJrea,  489;  Oxytropidoceras,  487 

Pachydiscus,  484 ;  Palaeopsephaea, 
492;  Palaeostylus,  364;  Paradoxides, 
227,  234;  Paranomia,  490;  Para- 
parchites,  369;  Parobolus,  213;  Patetto- 
stium,  364;  Pecfen,  490,  623;  Peltura, 
234;  Pentacrinus,  495;  Pentamerus,  214; 
Pentremites,  346;  Peristernia,  624; 
Perrinites,  366;  Pervinquieria,  487; 


Petulocrinus,  206;  Phacops,  187,  367; 
Phaenopora,  209;  Pharkidonotus,  354; 
Phillipsastrea,  341;  Phillipsia,  357; 
Pholadella,  353;  Pholadomya,  490; 
Phragmoceras,  224;  Phthonia,  353; 
Phyllograptus,  200;  Pianodema,  214; 
Pinna,  353;  Pinnatopora,  347;  Piao- 
crinus,  206;  Placenticeras,  487;  Platy- 
ceras,  354;  Platycrinus,  .344;  Platy- 
strophia,  213,  214;  Plectofrondicularia, 
626;  Plectorthis,  213,  214;  Plejona,  624; 
Pleurocystites,  204;  Pleuromya,  490; 
Pleurophorus,  353;  Pleurotomaria,  221; 
Plicatula,  490;  Polinices,  492,  624; 
Polypora,  347 ;  Potamides,  624 ;  Poterio- 
ceras,  224;  Prasopora,  209;  Priono- 
f  cyclus,  487;  Prismopora,  347;  Prodro- 
mites,  366;  Productella,  350;  Productus, 
349;  Prolecanites,  355;  Pronorites,  366, 
356;  Prothalassoceras,  366;  Proud- 
denites,  366;  Pseudocrinites,  346;  Pseu- 
doliva,  624;  Pseudomonolis,  490;  Psew- 
doschloenbachia,  487;  Pterinea,  217; 
Pterotocrinus,  344;  Ptilopora,  347; 
Ptychosalpinx,  624;  Pugnax,  349;  Pt/- 
cnodonta,  489;  Pyrofusus,  492;  Pyrop- 
sis,  492 

Rafinesquina,  213,  214;  Raphisto- 
mina,  220;  Receptaculites,  198;  fled- 
ftc/iia,  228,  233;  Rensselaeria,  352; 
Reticularia,  361;  Rhipidomella,  350; 
Rhombopora,  347;  Rhombotrypa,  209; 
Rhynchotrema,  213,  214;  Rhynchotreta, 
214;  Rhyticeras,  356;  356;  Richtofenia, 
350;  Robulus,  625  » 

Sagenites,  486;  SaUeretta,  220,  223; 
tiavagella,  359;  Scapharca,  623;  Scaph- 
clla,  624,  Scaphites,  487;  Schell- 
wienella,  350;  Schizophoria,  349 ;  Schizo- 
stoma,  354;  Schroederoceras,  224;  Scoli- 
thus,  207;  Septameroceras,  224;  Septo- 
pora,  347;  Sieberella,  214;  Sinuites,  220; 
Sinuopea,  220;  Soleniscus,  364;  £ote- 
nosteira,  624;  Sonninites,  466;  £oro- 
sphaera,  196;  Sowerbyetta,  213,  214; 
Spirifer,  361;  Spiriferina,  351;  $gwa- 
mularia,  351;  Staurocephalus,  229; 
Steganocrinus,  344;  Stephanocrinus, 
206;  Streblotrypa,  347;  Streptelasma, 
203;  Stricklandinia,  214;  Stringocephar 
lus,  352;  Stromatocerium,  199;  Strom- 
bodes,  203;  StrornbiM,  624;  Stropheo- 
donta,  214,  849;  Strophomena,  213,  214; 
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Strophondla,  214,  360;  Strotocrinus, 
345;  Styliolina,  363;  Styknurus,  359, 
860;  Subulites,  220;  Syntrophia,  213; 
Syringopora,  342 

Tdbulipora,  347;  Tarphyceras,  224; 
regwfcz,  624;  Tdeiocrinm,  344;  TeMer- 
tna,  228;  Tentaculites,  219,  353;  77era- 
fcwpis,  368;  Tetradium,  203;  Tefra- 
graptus,  200;  Thaleops,  229;  Thecia, 
204;  Thlipsura,  369;  Thlipsurella,  869; 
Trachyceras,  486;  Trematonotus,  218; 
Trepospira,  364;  Triarthrus,  226,  227; 
Trigonia,  492,  496;  Trimeroceras,  223; 
Trimerocystis,  346;  Tripleroceras,  224; 
TrUidtes,  339;  Trochonema,  220;  TVopi- 
doleptus,  349;  Tropites,  486;  Turrilites, 
487;  Turritdla,  492,  624 

Uddenites,  366;  Uintacrinus,  494; 
Ulrichia,  369;  Untinulus,  214;  [7wo, 
493;  Uvigerinella,  626 

Vasum,  624;  Venericardia,  623; 
FemeHa,  490;  Virgulina,  626;  FoZ- 
borthdla,  223;  Volutoderma,  492;  FoJw- 
tospina,  624 

Waagenoceras,  357;  TTarmeria,  228; 
Wkitfieldetta,  214;  Whitfieldia,  214; 
TFiJsonia,  214;  Worthenia,  364;  TFor- 
thenopora,  347 

Xancusy  492 

FoWta,  363 

Zaphrentis,  208,  341 ;  Zemistephanus, 
486;  Zygospira,  213,  214 
Fossil  plants 

Acer,  606,  630;  Acrostichiies,  600; 
Atethopteris,  376;  Angiospermophyta, 
694;  Annwiarta,  379;  Arawcana,  503; 
Arauearioxylon,  503;  Archaeopteris, 
874;  AsterophyUties,  378;  Asteroxylon, 
873 

Baieria,  600;  Benncttitaceac,  501; 
B^^/i,  680;  Betulites,  606 

Catamites,  379,  388,  884;  Cattipteris, 
39;  Cardwpteris,  374;  Ceftis,  630; 
C^ara,  381;  Cladophkbis,  498,  603; 
Coniferophyta,  502;  Cordattes,  379; 
Cryptozoon,  194,  195;  Ctenophyllum, 
600,  601;  Cycadeoidea,  600,  601; 
Cycadophyta,  490-502 

Dion  edtife,  499;  Diospyros,  605,  680 

Eospermaiopteris,  375^  888 

Fo^,  606,  680 

Qangamopteris,    881;    Gigantopteris, 


374;  Ginkgo}  600,  629;  Glossopteri*,  381 

7/orneo,  378 

Juglans,  606,  630 

Lepidodendron,  376,  377;  Lirioden- 
dron,  606,  680;  Lyginopteris,  375,  376 

Macrotaeniopteris,  608 

NeocalamiteSj  504;  Neuropteris,  184, 
874 

Pecopteris,  376;  Podozamites,  600; 
Populus,  630;  Pleuromeia,  378;  Pro^o- 
lepidodendron,  377,  388;  Psttophyton, 
373,  383;  Pteridophyta,  503 

Qwercws,  630 

Rhynia,  373 

Salixy  630;  Sassafras,  630;  Sequoia, 
503;  Sigittaria,  376,  377;  Sphenophyl- 
lum,  188,  379;  Sphenopteris,  374; 
Sphenozamites,  501;  Stigmaria,  377 

Taeniopteris,  374 
s,  630 

it'a,  39,  380,  Williamsoniaceae, 
601 
Fossil  vertebrates 

Attosowrws,  466, 467 ;  Anaptomorphus, 
636;  Ankylosaurus,  470;  Archaeop- 
teryx,  478,  479,  480;  Archaeornis,  478; 
Archelon,  464,  477;  ArMdiskodon 
imperatoTj  616;  Australopithecus,  637, 
638 

Baluchitherium,  599,  608;  Brachio- 
saurus,  465,  469;  Brontosaurus,  468, 
469;  Brontotherium,  608 

Cacops,  368;  Carcharodon,  622; 
Cosea,  370;  Cephalaspis,  863;  CJacto- 
selachej  363;  Coccosteus,  863;  Corypho- 
don,  600 

Daedicurus,  621;  Daphaenus,  618; 
Dimetrodon,  371,  384;  Dinichthys,  364; 
Dinotherium,  616,  616;  Diplodocus, 
462,  465;  Diplovertebron,  867;  Dipierus, 
368;  Dryopithecus,  637 

Elasmosaurus,  477;  Elephas,  616; 
Embolotherium,  619;  Eoanthropw,  689; 
Eoceratops,  473;  Eohippus,  602,  603, 
604;  Eotitanops,  608;  J?guu8,  602,  608; 
Eryops,  369,  384 

Glyptodon,  621 

Hesperornts,  479,  480,  608;  Holopty- 
chius,  368;  Homo  heidelbergensis,  641; 
Homo  neanderthalensis,  642^  Homo 
sapiens,  638,  689;  Hoplophoneut,  618; 
Hyrachyus,  606;  Hyracotherium,  603 

Ichthyornis,  480 
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Mammonteus  primigenius,  617; 
todon,  616,  616;  Megaceros,  813;  Mega- 
therium, 021 ;  Merycoidodon,  010;  Meso- 
hippus,  602,  603;  Moeritherium,  615, 
616;  Moropus,  609 

Naosaurus,  372,  884;  Notharctus, 
635,  686 

Osteolepis,  868;  Otocyon,  617 

Palaeomastodon,  615,  616;  Palaeo- 
spondylus,  364;  Pantolambda,  600; 
Paraptthecw,  636;  Parelephas  columbi, 
614,  616;  Patriofelis,  594;  Phenacodus, 
600;  Phororhachis,  622;  phytosaurs, 
474;  Pithecanthropus,  638,  689; 
carpwa,  464;  Platygonus,  611; 
pterus,  365;  Portheus,  483;  Proplio- 
pithecus,  636;  Protohippus,  602,  603, 
604;  Pteranodvn,  464,  478;  Pterichthys, 
363 

Scyphanthropus,  639,  640,  641 ;  £erai- 
onotus,  482;  Sinanthropus,  639-640; 
Sivapithecus,  637;  Smilodon,  598,  617, 
618;  Stegodon,  816;  Stegosaurus,  469, 
470,  473;  Stenomylus,  612 

Teleoceras,  606,  607;  Tetrabdodon, 
596,  616;  Thinopus,  366;  Trachodon, 
182;  Triceratops,  471;  Trinacromerum, 
477;  Tyrannosaurus,  467,  468 

Uintatherium,  600,  601 

Zebrasoma,  179 
Fossils,  45;  nature  of,  178-192;  indirect, 

185 

Fredericksburg  beds,  438;  stage,  449 
Fusulinids,  338-339 


G 


Gastropods,  character,  217-219;  Early 
Paleozoic,  219-221;  Late  Paleozoic, 
353-354;  Mesozoic,  493;  Cenozoic,  624 

Geologic  column,  46 

Geologic  time,  measurement,  50-53,  divi- 
sions, 57 

Geologic  time  scale,  53-55 

Geosyncline,  23;  Appalachian,  123-124, 
143-146;  Cordilleran,  130;  Ouachita, 
146;  Pacific,  419. 

Ginkgo,  Mesozoic,  504,  Cenozoic,  629 

Glaciation,  Pre-Cambrian,  89, 134;  Silur- 
ian, 174;  Permian,  328,  334;  Pleisto- 
cene, 552-571,  577-579;  causes,  586- 
589 

Glass  Mts.,  324 


Glass  sand,  157,  175,  255 

Glauconite,  436,  519,  525 

Glen  Arm  system,  96 

Glossopteris  flora,  380-381 

Glyptodonts,  621 

Gold,  428,  549 

Gondwana,  335,  393,  456 

Goniatites,  357 

Grabau,  A.  W.,  171,  436 

Grain  structure,  77 

Grand  Canyon  region,  32-49,  97,  326 

Graptolites,  142,  199-201,  340 

Great  Basin,  72,  516 

Great  Lakes,  formation  of,  567-570 

Great  Plains,  391,  513 

Green  Mts.  disturbance,  134 

Greensand,  436,  519 

Grenville  series,  76,  95 

Ground  sloths,  621 

Group,  54 

Gruner,  105 

Guadalupe  Mts.,  324-326 

Gulf  Coastal  Plain,  390,  513 

Gulf  series,  439-442 

Gumbotil,  560 


H 


Hall,  James,  236 
Heidelberg  man,  641 ,  642 
Helderberg  Mts.,  240 
Helderberg  series,  251 
Hercynian  Mts.,  309 
Holojbhurians,  346 
NQ^rses,  60^-605,  619,  620 
Horsetail  rushes,  Late   Paleozoic,   378; 

Mesozoic,  504 

Huronian  system,  62,  88-89,  91 
Hydrosphere,  initial,  17-18,  20 
Hydrozoans,  character,  19&-199;  Early 

Paleozoic,    199-201;   Late    Paleozoic, 

340;  Mesozoic,  498 
Hyracodonts,  606 


Ichthyosaurs,  474-476 

Igneous  rocks,  Grand  Canyon  region,  43, 
48;  Archean,  75,  76;  Proterozoic,  87, 
89,  91,  98,  94;  Ordovician,  155; 
Silurian,  175;  Devonian,  248,  250,  255; 
Pennsylvanian,  309;  Permian,  327, 332, 
Triassic,  400,  404,  406;  Jurassic,  419, 


666 


INDEX 


421,  427;  Cretaceous,  445,  466;  Ter-     Life,  origin,  102-104 


tiary,  539-541,  Quaternary,  581 
Illinoian  glacial  deposits,  562 
Index  fossils,  186 
Insects,  360-361,  496 
Interior  Plains,  113,  391,  513 
Invertebrates  (see  Fossil  invertebrates) 
Iron  ore,   Pre-Cambrian,   92;   Silurian, 

165,  175;  Pennsylvanian,  314 


Jeans,  Sir  James,  12,  13 
Jeffreys,  Harold,  12,  13 
Jellyfish,  199,  498 
John  Day  Basin,  538,  599 
Johnson,  D.  W.,  424,  448 
Jurassic,  58,  413-429;  life,  507 
Jurasside  disturbance,  427 

K 
f 

Kankakee  axis,  252 
Kansan  glacial  deposits,  562 
Karroo  system,  328 
Kay,  G.  F.,  555 
Keewatin  ice  sheet,  556 
Keewatin  series,  75 

Keweenawan  system,  63,  89,  91,  93-94 
Killarney  granite,  89 
Killarneyan  revolution,  95 
Kinderhook  series,  261 ;  epoch,  274 
Klamath  Mts.,  72 


Labradorian  ice  sheet,  556 

Labyrinthodonts,  368,  482 

Lake  Agassi  z,  570 

Lake  Bonnevilie,  575 

Lake  Lahontan,  576 

Lake  Superior  region,  Proterozoic,  90-95, 

map  90;  Cambrian,  127 
Laplacian  hypothesis  of  earth  origin,  7 
Laramide  revolution,  454 
Laramie  problem,  451 
Late  Paleozoic,  life,  338-386 
Laurentian  granite,  62,  76 
Laurentian  revolution,  77-78 
Lead,  157,  279 
Leighton,  M.  M.,  555 
Lepidophytes,  376^378 
Uverett,  F.  L.,  555 


Lime  phosphate,  157,  255,  327,  336,  549 

Linnaeus,  188 

Llano  region,  71 

Llanoria,  277,  323 

Logan,  Sir  William,  62,  142 

Logan.'s  line,  141-142 

Lungfishes,  365 

Lyell,  Charles,  521 


M 


Mammals,  Mesozoic,  481 ;  Cenozoic,  592- 
621 ;  character,  594 

Mammoth,  617 

Man,  621;  geologic  history,  634-649 

Manganese  ore,  157 

Marine  reptiles,  474-477 

Marine  terraces,  572 

Mascall  flora,  629 

Mastodons,  616,  620 

Medinan  series,  163,  165,  167;  epoch, 
171-172 

Medusae,  199 

Merostomes,  359 

Mesozoic,  56,  387-509 

Metabentonite,  155 

Metazoa,  197 

Meteorites,  11 

Millepod,  361 

Miller,  Hugh,  236 

Miocene,  58,  521;  Atlantic  and  Gulf 
Border,  526-527;  Pacific  Border,  533; 
Continental  Interior,  538-539;  Eura- 
sia, 542;  epoch,  544-546;  mammals, 
620;  plants,  629-630 

Mississippian,  58,  257-280;  life,  383 

Missouri  series,  292,  293,  303;  epoch,  311 

Mohawkian  series,  143,  146,  148;  epoch, 
153 

Mold,  184 

Mollusks,  Early  Paleozoic,  215-224; 
Late  Paleozoic,  352-358;  Mesozoic, 
483-493;  Cenozoic,  623-625 

Molten-earth  hypothesis,  17-19 

Moment  of  momentum,  7 

Monongahela  series,  292 

Moore,  E.  S.,  87 

Moreman,  W.  L.,  195 

Morrow  series,  293,  299-301;  epoch,  310 

Mosasaurs,  474,  476 

Moulton,  F.  R.,  9 
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Mountain  glaciation,  570-571 
Murchison,  Roderick,  56,  316 

N 

Nashville  dome,  114,  148-149 

Natural  gas,  156-157,  175,  279,  314,  336, 

458 
Nautiloids,    Early   Paleozoic,    222;  Late 

Paleozoic,  356;  Mesozoic,  488 
Neanderthal  man,  641-642 
Nebraskan  glacial  deposits,  560-562 
Nebular  hypothesis  of  earth  origin,  7 
Nemaha  Mts.,  302 
Neogene,  521 
Neoliths,  647 
New  Red  sandstone,  56 
Niagaran  series,  164;  epoch,  172 
Nomenclature,  stratigraphic,  36 
Novaculite,  249,  255 

O 

Ocean  basins,  development,  21-30;  geo- 
logic features,  24-25;  density,  25;  per- 
manency, 25-26;  origin,  26-30 

Ocoee  Mts.,  126,  131 

Oil  (see  Petroleum) 

Old  Red  sandstone,  56,  115,  237,  250 

Old-rock  platforms,  22-23 

Oligocene,  28,  521;  Atlantic  and  Gulf 
border,  526;  Pacific  border,  533;  Con- 
tinental Interior,  538;  Eurasia,  541; 
epoch,  544;  mammals,  620;  plants,  629 

Ophiuroids,  346 

Ordovician,  56,  137-158;  life,  234 

Oreodonts,  609,  620 

Organisms,  classification,  188-191 

Oriskany  series,  251 

Ornithopods,  471 

Ostracoderms,  23?,  363-364 

Ostracodes,  23uf  Late  Paleozoic,  358; 
Mesozoic,  496 

Ouachita  geosyncline,  146 

Oysters,  491 

Ozark  region,  114 

Ozarkian  series,  120;  epoch,  133 


Pacific  Border,  393,  516 
Pacific  geosyncline,  419 
Paleocene,  521 
Paleodictyoptera,  361 
Paleoliths.  645-647 


Paleozoic,  56,  107,  map  108,  112 

Palisades  disturbance,  410 

Patrician  ice  sheet,  566 

Peccaries,  610 

Pelecypods,  character,  215-217;  Early 
Paleozoic,  217;  Late  Paleozoic,  352; 
Mesozoic,  488-493;  Cenozoic,  623 

Pelycosaurs,  371 

Pennsylvanian,  58,  281-315;  life,  384 

Period,  54,  55 

Perissodactyis,  601-609 

Permian,  58,  316-337;  life,  385 

Petroleum,  156,  175,  255,  279,  314,  336, 
458,  548 

Phosphate,  157,  255,  327,  336,  549 

Phyllocarids,  359 

Piedmont  Plateau,  70 

Pigs,  610 

Planetesimal  hypothesis  of  earth  origin, 
8-13 

Plants,  Early  Paleozoic,  193-195;  Late 
Paleozoic,  372-382;  climatic  signifi- 
cance, 381-382;  Mesozoic,  498-506; 
Cenozoic,  627-631;  (see  also  Fossil 
plants) 

Pleistocene,  553,  578;  mammals,  621; 
plants,  631 

Plesiosaurs,  467-476 

Pliocene,  58,  521;  Atlantic  and  Gulf 
border,  527;  Pacific  border,  534;  Con- 
tinental Interior,  538;  Eurasia,  542; 
epoch,  546;  mammals,  620;  plants,  630 

Post-Archeozoic  erosion,  77 

Post-Proterozoic  erosion,  83 

Potash,  336 

Potts ville  series,  111,  292 

Primary  division,  53 

Primates,  619,  620,  634 

Proterozoic,  56,  66,  82-101;  life,  105 

Prototheria,    596 

Protozoans,  character,  195;  Early  Paleo- 
zoic, 195-197;  Late  Paleozoic,  338; 
Mesozoic,  496;  Cenozoic,  625 

Psilophyta,  372 

Psychozolc,  554 

Pterodactyls  (see  Pterosaurs) 

Pteropods,  219 

Pterosaurs,  477,  478 

Pyritization,  184 

Q 

Quaternary,  53,  552-591 
Quirke,  T.  T,,  76 
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Radioactive  disintegration,  51-52 

Radiolaria,  195 

Rancho  la  Brea  asphalt  deposits,  597 

Recent  epoch,  554 

Reefs,  168,  438 

Reeside,  J.  B.,  417 

Reptiles,  character,  369-370;  Late  Paleo- 
zoic, 370-372;  Mesozoic,  462-478; 
Cenozoic,  622 

Rhinoceroses,  181,  605-607,  620 

Rockies,  ancestral,  308,  324 

Rocky  Mountains,  71,  391,  515 

Rocky  Mountains  geosyncline,  419 

Rocky  Mountains  revolution,  454 

Rotliegende  series,  327 


Saber-toothed  tigers,  617 

St.  Croixan  series,  120;  epoch,  133 

St.  Francis  Mts.,  71 

Salt,  168-171,  175,  279,  336,  411,  437 

Salt  domes,  527-529 

Salt  in  the  sea,  relation  to  geologic  time, 

51 

Sangamon  interglacial  materials,  562-563 
Satellites,  10 
Sauropods,  468 
Scablands,  576 
Scale  trees,  376-378 
Schooley  peneplain,  447,  544 
Schuchert,  Charles,  134,  141 
Scolecodonts,  207 
Scorpions,  231 
Secondary  division,  53 
Sedgwick,  Adam,  56 
Sedimentation  cycles,  285 
Seed  ferns,  375-376 
Selachians,  364 
Sequence,  54 
Series,  54 

Sharks,  232,  364,  482,  622 
Shenandoah  Valley,  110 
Sierra  Nevada,  72 
Silicification,  184 
Silurian,  56,  159-177;  life,  235 
Smilodon,  621 
Smith,  William,  64 
Snakes,  474 
Soil  profile,  560 
Solar  system,  5 


Solid-earth  hypothesis,  19-21 

South  America,  Pre-Cambrian,  73;  Paleo- 
zoic, 117;  Cambrian,  130;  Ordovician, 
152;  Silurian,  171;  Devonian,  250; 
Mississippian,  273;  Pennsylvanian, 
309;  Permian,  329;  Mesozoic,  394; 
Triassic,  407;  Cretaceous,  446;  Ter- 
tiary, 542 

Species,  189 

Spider,  361 

Spiral  nebulae,  11 

Spokane  flood,  677 

Sponges,  character,  197;  Early  Paleozoic, 
198;  Late  Paleozoic,  339;  Mesozoic, 
497;  Cenozoic,  627 

Stage  (time  term),  54,  55 

Starfishes,  207,  626 

Stegocephalians,  367-369 

Stegosaurians,  469 

Stellar  galaxy,  6 

Stratigraphic  divisions 

Acadian,  57;  Adams  Branch,  301; 
Albert,  272;  Albian,  57,  170,  433; 
Alexandrian,  167;  Allegheny,  283,  292, 
295;  Altamont,  300;  Altuda,  319; 
Americus,  319;  Ames,  300;  Annona, 
435;  Antietam,  125;  Aptian,  57,  433; 
Aquia,  535;  Arapahoe,  453,  455; 
Arbuckle,  145,  269;  Arenigian,  57; 
Arikaree,  535,  599;  Arkadelphia,  435; 
Arnheim,  151;  Arundel,  434,  435; 
Athens,  145;  Atwater  Creek,  147;  Aus- 
tin, 433,  435,  440;  Axeman,  145 

Bagley,  420;  Baird,  270;  Bajocian, 
57;  Barnett,  283;  Barremian,  57,  433; 
Bartlesville,  300;  Bashi,  535,  Batho- 
nian,  57;  Bays,  145;  Bearpaw,  535; 
Beaumont,  573;  Bedford,  270;  Beech 
River,  170;  Beekmantown,  145,  147; 
Bellefonte,  145;  Bellevue,  151;  Bend, 
292;  Benton,  433,  445,  455;  Berea,  270; 
Berkeley,  535;  Berriasian,  433;  Bertie, 
170;  Bethel,  265;  Bibb,  125;  Big  Blue, 
319;  Big  Stone  Gap,  270;  Bigby,  151; 
Bigfork,  145;  Bissett,  319,  325;  Black 
Hand,  270;  Black  Jura,  413;  Black 
River,  142,  145,  147;  Blakely,  145; 
Bloomsburg,  167;  Bloyd,  300;  Blue- 
field,  270;  Bluestone,  270;  Bob,  170; 
Bonneterre,  125;  Boone,  270;  Bossard- 
ville,  167;  Bosworth,  125;  Brad,  283; 
Bragdon,  270;  Brallier,  333;  Brassfield, 
167,  170;  Brazer,  270;  Brazos  River, 
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301;  Brentwood,  300;  Bridge  Creek, 
629;  Bridger,  535,  538,  598,  605,  606; 
Brierfield,  125;  Bright  Angel,  40,  42; 
Briones,  535;  Brock,  405;  Bromide,  145; 
Bronson,  300;  Brookville,  300;  Brown 
Jura,  413;  Brownstown,  435;  Brown- 
ville,  300;  Brule,  539;  Brunswick,  405; 
Buda,  435,  440;  Bunter,  57,  406;  Bur- 
gen,  269;  Burgess,  193,  199,  201,  207; 
Burlingame,  300;  Burlington,  263,  265; 
Byrarn,  535;  Byron,  170 

Caddo  Creek,  283;  Callovian,  57; 
Calvert,  527,  535,  629;  Campanian,  57, 
433;  Canadian,  57,  142;  Canajoharie, 
142,  145,  147;  Cannon,  151;  Cannon- 
ball,  453;  Canyon,  292;  Capitan,  319, 
325;  Caradocian,  57;  Carbondale,  300; 
Carlile,  435;  Carlsbad,  325;  Carmel, 
416,  420;  Carrizo,  535;  Carters,  151; 
Gary,  561,  564,  566;  Cashaqua,  243; 
Castile,  325;  Catahoula,  535;  Cathe- 
dral, 125;  Catheys,  151;  Catskill,  237, 
240,  245,  247,  253;  Cayugan,  57,  165, 
173;  Cayuta,  243;  Cedarvilie,  170; 
Cenomanian,  57,  433;  Centralian, 
556;  Chase,  319;  Chattanooga,  266, 
269,  270;  Chautauquan,  57;  Chazyan, 
57,  143;  Chemung,  237,  238,  243,  246, 
254;  Chepultepec,  125;  Cherokee,  300; 
Chesapeake,  526,  535;  Chester,  57,  265; 
Cheveric,  273;  Cheyenne,  435;  Chicka- 
mauga,  145;  Chickies,  125;  Chico, 
446,  535;  Chilhowee,  125;  Chinle,  404, 
405,  414,  420;  Choptank,  535;  Chou- 
teau,  262,  265;  Chugwater,  405; 
Chupadera,  325,  330;  Cimarron,  319, 
322;  Cincinnatian,  57,  143;  Cisco,  292; 
Citronelle,  535;  Claiborne,  525,  528, 
535,  628;  Claremont,  535;  Clayton, 
535;  Cleveland,  270;  Clinch,  333;  Clin- 
ton, 164,  167,  170,  247;  Clore,  265; 
Cobleskill,  170;  Coblenzian,  57;  Co- 
bourg,  147;  Cochran,  125;  Cockfield, 
535;  Coconino,  37,  42,  319;  Coeymans, 
161,  241;  Coffee,  435;  Colorado,  57, 
443;  Columbia,  572;  Comanche,  57, 
425,  433,  436-439;  Conasauga,  125; 
Conemaugh,  283,  292,  295;  Coniacian, 
57,  433;  Connellsville,  300;  Conoco- 
cheague,  125;  Oonoquenessing,  300; 
Cook  Mtn.,  535;  Coon  Creek,  435; 
Copper  Ridge,  126;  Coral  rag,  422; 
Corryville,  151;  Cotter,  151,  258;  Cot- 


tpnwood,  319,  321;  Council  Grove, 
319;  Cowlitz,  533;  Crown  Point,  145, 
147;  Crystal  Mtn.,  145;  Culm,  57,  58, 
259,  273;  Cumberland  Gap,  270; 
Cursan,  536;  Curtis,  420;  Cuyahoga, 
267;  Cynthiana,  151;  Cypress,  265 

Dakota,  57,  391,  433,  435,  443,  460, 
455,  505;  Danian,  57,  433;  Davis,  125; 
Dawson,  453,  454;  Day  Point,  145, 147; 
Dayton,  170;  Deadrnan,  405;  Dead- 
wood,  61;  Decatur,  170;  Decorah,  151; 
Deepkill,  142,  145;  Deer  Creek,  300; 
Deer  River,  147;  Degonia,  265;  Dek- 
kas,  405;  Delaware  Mtn.,  325;  Del 
Rio,  435;  Dennis,  300;  Denton,  435; 
Denver,  453,  455,  628;  Derby-Doerun, 
125;  Des  Moines,  57,  292,  302;  Devils 
Lake,  125;  Dinantian,  57,  58;  Dixon, 
170;  Dogger,  413;  Dome,  125;  Domen- 
gine,  532;  Douglas,  300;  Dover,  300; 
Downtonian,  57;  Dresbach,  125; 
Drum,  300;  Duck  Creek,  435;  Duluth, 
94;  Dunkard,  319,  320 

Eagle  Ford,  433,  435,  439,  440; 
Easton,  540;  Eau  Claire,  125;  Econ- 
omy, 151;  Eden,  151;  Edwards,  435; 
Eifelian,  57;  Elbrook,  125;  Eldon,  125; 
Eldoran,  556;  Elkhorn,  151,  167; 
Ellensburg,  540;  El  Paso,  330;  Emi- 
nence, 125;  Emporia,  300;  Emscherian, 
433;  Englewood,  270;  Entrada,  416, 
420;  Brian,  57;  Eutaw,  435,  441,  442, 
Everton,  151 

Fairmount,  151,  154;  Fairview,  125, 
151;  Falls  City,  300;  Famennian,  57; 
Fayette,  535;  Fayetteville,  270;  Fern 
Glen,  263,  265;  Fernando,  535;  Fern- 
vale,  151;  Florence,  319;  Florissant, 
539;  Flysch,  541;  Fort  Hall,  405;  Fort 
Hays,  435;  Fort  Riley,  319;  Fort  Scott, 
300;  Fort  Union,  453,  535,  537,  598, 
628;  Fort  Worth,  435;  Fountain,  456; 
Fox  Hills,  433,  444,  453,  455;  Francis- 
can, 421,  549;  Franconia,  125;  Frank- 
fort, 147;  Frasnian,  57;  Fredericksburg, 
433,  435,  438,  449;  Freeport,  300; 
Frio,  535;  Fulton,  151;  Fuson,  442; 
Fusselman,  330 

Galena,  151;  Gaptank,  326;  Gar- 
deau,  243;  Gasconade,  125,  151; 
Gatesburg,  125;  Gedinnian,  57;  Gene- 
see,  238,  243,  244,  253;  Genundewa, 
243;  Georgetown,  435;  Gilliam,  319, 
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325;  Givetian,  57;  Glass  Mts.,  325; 
Glen  Canyon,  416,  418,  420;  Glen 
Dean,  266;  Glen  Rose,  435;  Glens 
Falls,  145;  Glendon,  535;  Golconda, 
265;  Goodland,  435,  438;  Goodridge, 
286;  Gosport,  535;  Graford,  283; 
Graham,  283;  Grainger,  270;  Grandian, 
556;  Graneros,  390,  435;  Grassy  Creek, 
262,  265;  Grayson,  435;  Green  River, 
635,  536,  538,  622;  Greenbrier,  268, 
270;  Greene,  319;  Greenfield,  170; 
Greenhorn,  390,  435,  443;  Grenville, 
76,  95;  Grimes,  243;  Guelph,  170; 
Gulf,  433,  436,  439 

Hale,  300;  Hambre,  535;  Hamilton, 
238,  243,  244;  Hannibal,  262,  265; 
Hardinsburg,  265;  Hardyston,  62, 
Harpers,  125;  Harpersville,  283;  Hatch, 
243;  Hatchetigbee,  535;  Hattiesburg, 
535,  Hauterivian,  433;  Helderberg,  57, 
241,  243,  247;  Hell  Creek,  535;  Hering- 
ton,  319;  Hermit,  38-40,  319;  Hermit- 
age, 151;  Hermosa,  308;  Hess,  319; 
Hesse,  125;  Higham,  405;  Hillsboro, 
170;  Hinton,  270;  Hiwassee,  125; 
Holston,  145;  Home  Creek,  301 ;  Home- 
wood,  300;  Horsetown,  446;  Horton, 
272;  Hosselkus,  405;  Howard,  300; 
Howell,  125;  Hunton,  269;  Huronian, 
57,  62,  88,  91 

latan,  300;  Indian  Ladder,  145,  147; 
Indio,  535;  lola,  300;  lowan,  564-565; 
Ithaca,  243 

Jackfork,  260;  Jackson,  526,  528, 
535,  628;  Jefferson  City,  151 ;  Jerseyan, 
562;  Joachim,  151;  Joins,  145;  Jordan, 
125;  Judith  River,  470;  Juniata,  145, 
165 

Kaibab,  35,  36,  42,  47,  319,  327; 
Kaiparowits,  47,  453;  Kanawha,  283; 
Kansas  City,  300;  Keefer,  166,  Kee- 
watin,  57,  75;  Keokuk,  263,  265; 
Kessler,  300;  Ketona,  125;  Keuper,  57, 
406;  Keweenawan,  57;  Keyser,  161, 
167;  Kiamichi,  435,  438;  Kimmeridg- 
ian,  57;  Kimmswick,  151;  Kinderhook, 
57,  261;  Kinkaid,  265;  Kiowa,  435; 
Kittanning,  300;  Kittatinny,  62;  Knife 
Lake,  90;  Knox,  125,  145;  Knoxville, 
446;  Kootenai,  433,  442 

Lagarto,  535;  Lake  Louise,  125; 
Lake  Pinto,  301;  Laketown,  170; 
Lakota,  442;  Lamotte,  125;  Lance,  57, 


433,  452,  453,  467,  470,  535,  537; 
Langs  ton,  125;  Lansing,  300;  Laramie, 
433,  444,  451,  453,  454,  455;  Larke,  125; 
Latah,  629,  Latonia,  151;  Laurel,  170; 
Lebanon,  151;  Lebo,  535;  Lecompton, 
300;  Lego,  170;  Leipers,  151;  Lenoir, 
145;  Leonard,  319,  325;  Lias,  57,  413, 
419,  422;  Liberty,  151;  Lisbon,  535; 
Llandeilian,  57;  Llandoverian,  57; 
Lobelville,  170;  Lockatong,  405;  Lock- 
port,  164,  170;  Logan,  267;  Louisiana, 
262,  265;  Louisville,  170;  Lowville, 
145;  Ludlovian,  57;  Ludlowville,  243; 
Lusitanian,  57;  Luta,  319;  Lykins,  455; 
Lyons,  455 

Maccrady,  270;  McCune,  151; 
McKenzie,  167,  170;  McLeansboro, 
300;  McLish,  145;  McMicken,  151; 
McMillan,  151;  Madison,  125,  270, 
272;  Maestrichtian,  57,  433;  Magothy, 
435;  Mahoning,  300;  Mainstreet,  435; 
Malm,  413;  Mankato,  561,  564,  567; 
Maquoketa,  151;  Marble  Falls,  283; 
Marcellus,  238,  243;  Marianna,  535; 
Mariposa,  428;  Marjum,  125;  Marl- 
brook,  435;  Marmaton,  300;  Martinez, 
532,  535;  Martinsburg,  145,  160,  165, 
247,  267;  Maryville,  125;  Mascall,  629; 
Matawan,  435;  Mauch  Chunk,  247, 
260,  268,  270;  Maxville,  270;  Mays- 
ville,  151;  Mayville,  170;  Mazarn,  145; 
Mazomanie,  125;  Medina,  160,  164; 
Medinan,  57,  163,  165,  167;  Meganos, 
532,  535;  Menard,  265;  Mendota,  125; 
Meramec,  264;  Merced,  535;  Mesa- 
verde,  448;  Middlesex,  243;  Midway 
525,  528,  535;  Millican,  330;  Millsap, 
283;  Mineral  Wells,  283;  Mines,  125; 
Mint  Canyon,  535;  Missouri,  57,  292, 
303;  Moccasin,  145;  Modelo,  535,  547; 
Modin,  420;  Moenkopi,  402,  405; 
Mohawkian,  57,  143,  146,  148;  Molar, 
308;  Monmouth,  435;  Monongahela, 
283,  292,  295;  Montana,  47,  57,  433, 
444;  Monterey,  519,  533, -535;  Mon- 
toya,  330;  Morgantown,  300;  Morrison, 
416,  417,  418,  420,  425,  430,  455,  466; 
Morrow,  57,  293,  299;  Moscow,  243; 
Mosheim,  145;  Mt.  Auburn,  151;  Mt. 
Hope,  151;  Mt.  Selman,  #35;  Mt. 
Simon,  125;  Mt.  Whyte,  125;  Muav, 
40,  41,  42;  Murfreesboro,  151 ;  Murray, 
J25,  Muschelkalk,  57,  406 
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Nacatoch,  435;  Naheola,  535;  Nani- 
urian,  67;  Nanafalia,  535;  Nanjemoy, 
535;  Naples,  245;  Navajo,  416,  417, 
420;  Navarro,  433,  435,  440,  535; 
Nebo,  125;  Neocomian,  57,  433;  Neva, 
319;  New  Albany,  266;  New  Rich- 
mond, 151;  New  River,  283;  New 
Scotland,  242;  Newark,  399;  Newman, 
270;  Niagaran,  57;  Nichols,  125; 
Niobrara,  433,  444,  455;  Nittany,  145, 
333;  Nolichucky,  125;  Normanskill, 
142,  145;  Notch  Peak,  125;  Nugget, 
420;  Nummulitic,  541;  Nunda,  243 

Oakville,  535;  Ocala,  535;  Ochre 
Mtn.,  270;  Ocoee,  96,  125;  Ogallala, 
535,  539,  599;  Ogdensburg,  147;  Oil 
Creek,  145;  Oneida,  164;  Onoonta, 
243;  Oneota,  125,  151;  Onondaga,  238, 
242,  243;  Oread,  300;  Orinda,  535; 
Oriskany,  57,  238,  242,  243,  247,  251; 
Orr,  125;  Osage,  263;  Osgood,  170; 
Oswego,  145,  147;  Ottosee,  145; 
Ottumwan,  556;  Oxfordian,  57;  Ozan, 
435;  Ozarkian,  57,  120 

Paget,  125;  Pahasapa,  270,  272; 
Paint  Creek,  265;  Paleocene,  598; 
Palestine,  265;  Palo  Pinto,  283,  301; 
Pamelia,  147;  Pamunkey,  525,  535; 
Pascagoula,  535;  Patapsco,  434,  435; 
Patuxent,  434,  435;  Pawnee,  300;  Paw- 
paw, 435;  Pedee,  300;  Pennington,  270; 
Peorian,  558,  665-566;  Phosphoria, 
405;  Pico,  535,  547,  549;  Pierce,  151; 
Pierre,  423,  435,  444,  453,  455;  Pinole, 
535;  Pioche,  125;  Pit,  405;  Pitkin,  270; 
Pittsburgh,  287,  300;  Platteville,  151; 
Plattin,  351;  Plattsburg,  300  Poca- 
hontas,  382;  Pocono,  247,  267,  270; 
Polk  Creek,  145;  Port  Hudson,  573; 
Portage,  238,  243,  244,  253;  Portland- 
ian,  57;  Portneuf,  405;  Potem,  420; 
Potomac,  434;  Potosi,.125;  Pottsville, 
111,  283,  293-295,  300;  Powell,  151; 
Poxino  Island,  167;  Prairie  du  Chien, 
149;  Preuss,  420;  Price,  270;  Princeton, 
270;  Proctor,  325;  Prospect  Mtn.,  125; 
Puerco,  453,  598;  Puget,  533;  Pulaski, 
147;  Purgatoire,  442 

Queenston,  147 

Racine,  170;  Ranger,  301;  Raritan, 
435,  436,  502,  505;  Raton,  453,  628; 
R«d  Bluff,  535;  Redstone,  300)  Red- 


wall,  40,  42;  Reedsville,  145;  Renault, 
265;  Repetto,  549;  Rhaetic,  57;  Rhine- 
street,  243;  Richmond,  151;  Ridley, 
151;  Ripley,  435,  441,  442;  Rochester, 
167;  Rodeo,  535;  Rogersville,  126; 
Rome,  125;  Romney,  333;  Rose  Hill, 
167;  Ross  Fork,  405,  Rotliegende,  57, 
327;  Roubidoux,  151;  Rustier,  325; 
Rutledge,  125;  Rysedorph,  145 

St.  Croixan,  57;  Ste.  Genevieve,  264, 
265;  St.  Joe,  268;  St.  Louis,  264, 
265,  275;  St.  Peter,  149,  151,  157;  St. 
Piran,  125;  Salem,  262,  265;  Salina, 
170;  Saltsburg,  300;  Saluda,  151,  167; 
San  Lorenzo,  533;  San  Pablo,  534,  535; 
San  Rafael,  416,  420:  Santonian,  57, 
433;  Saratoga,  435;  ^iugus,  535,  547; 
Sawatch,  119;  Schaghticoke,  145; 
Schenectady,  142,  145,  147;  Scoharie, 
243;  Seine,  87;  Selma,  435,  441,  442; 
Senecan,  57;  Senonian,  57,  433; 
Sequatchie,  145;  Sespe,  533,  535,  547; 
Sevier,  145;  Sewickley,  300;  Shady,  125; 
Shastan,  445;  Shawangunk,  164,  167, 
174;  Shawnee,  300;  Sherbrooke,  125; 
Sherburne,  243;  Shetlerville,  265; 
Shinarump,  403,  405;  Simpson,  269; 
Skaneateles,  243;  Smithwick,  283; 
Smoky  Hill,  435;  Snake  Hill,  142,  145; 
Snowbird,  125;  Sobrante,  535;  South- 
gate,  151;  Spearfish,  420;  Springfield, 
170;  Squantum,  320;  Stanley,  260; 
Stanton,  300;  Steeprock,  87;  Stephan- 
ian,  57;  Stephen,  125;  Stockton,  405; 
Stonehenge,  145;  Stones  River,  145, 
151;  Strawn,  292;  Stump,  420;  Sucar- 
nochee,  535;  Sudbury,  87;  Summerville, 
420;  Sumner,  319;  Sunbury,  270; 
Sundance,  418,  420;  Supai,  40,  42,  319; 
Swasey,  125;  Swauk,  540;  Sweetland 
Creek,  262;  Swope,  300;  Sylvan,  145, 
269 

Taliadega,  96;  Tallahatta,  535; 
Tapeats,  40,  42;  Tar  Springs,  265; 
Tarkio,  300;  Taylor,  433,  435,  440; 
Tazewell,  561,  564,  566;  Teanaway, 
540;  Tehuacana,  535;  Tejon,  532,  535, 
547;  Tellico,  145;  Temple  Butte,  41; 
Tessey,  319,  325;  Thorold,  164; 
Thrifty,  283;  Tice,  535;  Timiskaming, 
57;  Timothy,  405;  Todilto,  420;  Tokio, 
435;  Tombigbee,  435;  Tomstown,  125; 
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Tongue  River,  535;  Tonoloway,'  167, 
170;  Tonto,  40;  Topanga,  535;  Topeka, 
300;  Torrejon,  453,  598;  Travis  Peak, 
435;  Tremadocian,  57;  Trempealeau, 
125;  Trenton,  138,  142,  145,  147; 
Tribes  Hill,  145,  147;  Trinity,  433, 
435,  437,  449;  Tulip  Creek,  145; 
Tullock,  535;  Tully,  243,  244;  Turkey 
Creek,  301,  Turonian,  57,  433,  Tusca- 
homa,  535;  Tuscaloosa,  435,  441,  442; 
Tuscarora,  165, 167, 170,  173,  247,  267; 
Twin  Creek,  420;  Tyner,  269 

Uinta,  535,  538,  598,  601,  605; 
Ulsterian,  57;  Uniontown,  300;  Unkar, 
42;  Utica,  147 

Valanginian,  433;  Valcour,  145,  147; 
Vahneyer,  57,  262;  Van  Horn,  330; 
Vaqueros,  535,  547;  Vermejo,  453; 
Vicksburg,  526,  535;  Vidrio,  319,  325; 
Viola,  145,  269;  Virgil,  57,  293,  304; 
Vishnu,  79 

Wabaunsee,  300;  Waldron,  170; 
Walnut,  435;  Warsaw,  263,  265; 
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170;  Wills  Pt.,  535;  Wind  River,  598; 
Windsor,  273;  Winfield,  319;  Wingate, 
414,  416,  420;  Winslow,  300;  Wiscoy, 
243;  Wolfcamp,  319,  325;  Womblc, 
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Varves,  584 
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